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Glass Fiber-Reinforced Polymer (GFRP) bars and Carbon Fiber-Reinforced Polymer 
(CFRP) strands represent innovative and alternative technologies for the construction of 
resilient, durable and low-maintenance concrete structures. To support and promote the 
deployment of FRP bars in infrastructure applications, it is fundamental to address the 
technology’s feasibility in field projects and their implications in the industry.  
The purpose of this dissertation is to provide a better understanding of the 
constructability, adaptability as well as the management, economic and environmental 
aspects of FRP-Reinforced Concrete (RC)/Prestressed Concrete (PC) structures through a 
bridge case study, namely Halls River Bridge (HRB). This dissertation is a combination of 
three interconnected studies. In the first study, constructability and technology’s 
adaptability are investigated together with means and methods that can be of guidance for 
both implementation and standardization of the technology. The second study deals with a 
full innovative Life-Cycle Cost (LCC) analysis. This study verifies the cost performance 
of four different alternative reinforcement bars for the design of the FRP-RC/PC bridge 
case study. The four different alternatives to be compared are namely Carbon Steel (CS), 
Stainless Steel (SS), FRP, and Epoxy-coated Steel (ECS), and the analysis is performed 
 over 100-years. The third study attempts to investigate the contribution of FRP-RC/PC in 
the domain of sustainability. Global warming is not only increasing the rate of steel 
corrosion of concrete structures, but also is affecting the sea level rise. Through a Life 
Cycle Assessment (LCA) analysis, the third study provides qualitative and quantitative 
information regarding the environmental impacts of FRP materials and compares the four 
bridge design alternatives. The three studies are based on data collected during the 
construction phase of the Halls River Bridge, where the author was deployed for one year.
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Chapter 1 
Introduction 
Facta, non verba 
- Latin proverb  
The current state and age of infrastructures in the U.S. indicates that about 9.1% of the 
bridges were structurally deficient in 2016, with an average age of bridges that is 
increasing: nation-wide, four bridges out of ten are at least 50 years old, and 15% are 40 to 
49 years old. Accordingly, bridge rehabilitation costs have been recently estimated in the 
order of $123 billion, notwithstanding the recent large investments disposed at all levels of 
government for repairing bridges. In Florida, only about 15% of the bridges are at least 50 
years old, but about 8.5% of all bridges were closed or weight limited, as of January 2015. 
For this reason, maintenance action is necessary to guarantee serviceability and safety with 
the annual costs estimated at more than $10 billion (Shepard, 2005).  These increasing 
maintenance costs represent a significant share of bridge ownership costs.  
Structural deficiency of bridges, especially in older structures, is mainly due to 
environmental attack and load effects experienced during their service life. In particular, 
the main cause of damage in Reinforced Concrete (RC) bridges is corrosion of the carbon
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steel reinforcement bars, along with cracking and spalling of the cover concrete. This 
cracking leads to a loss of mechanical performance of the rebars and the surrounding 
concrete, affecting ultimately the safety of the structure (Sajedi & Huang, 2019). Corrosion 
is a major threat to the long-term performance of a steel reinforcement. In marine and 
coastal environments, seawater salts, by virtue of their chloride content, will drive 
corrosion in specific elements of the substructure (Nolan et al., 2018), if the steel-RC is left 
unprotected. Bridge designers see corrosion as a long-term threat to the integrity of the 
bridge structure, and its critical consideration must be addressed in a rational manner 
during the design process. While there are several proven strategies for corrosion protection 
of steel bridges, there is no universal solution. Case by case, the proper system is chosen 
to accommodate long-term performance and maintenance, but this comes at a price. 
Additionally, each corrosion protection system must be selected based on the anticipated 
exposure of the structure to corrosive elements over the bridge lifetime.  
 Background 
During the last decades, reinforced concrete, once believed to be everlasting, showed 
all its durability limitations related to corrosion of the steel bars. Additionally, structures 
require continuous inspections and interventions in order to maintain their structural 
efficiency and expected strength. In this prospective, the adoption of durable FRP materials 
seems the ideal solution to the problem.  
FRP composites were first used in the building industry in the 1970’s; some of their 
first important practical applications were giant grain silos and pipes for aggressive 
wastewater systems. During those years, no written standards and guides were available to 
practitioners. During the mid-1980s, a few research/design teams throughout the world, 
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seriously investigated the use of composites both in prestress concrete elements, and in 
conjunction with conventional materials. FRP composites were viewed as materials with a 
high strength and high corrosion resistance; they could be tailored to most design 
requirements, but their high cost was a drawback. In the late 1980s, composite materials 
started to have their first major successes in the field of flexural and shear strengthening 
and seismic retrofitting of degraded concrete structures. In such areas of civil engineering, 
the cost of the FRP material is only a relatively small percentage of the overall cost. 
Because of its physical properties, its fabrication on site can be undertaken more speedily 
than if a more conventional material were to be used. With regards to the use of FRP 
composites as internal reinforcement, given the initial material cost and limited knowledge 
gained by engineers (with regards to the application aspects of FRPs in concrete elements), 
their application remained limited to simple structural problems over the years.  
Besides a few examples (Hollaway, 2010), an entirely FRP-RC/PC vehicular bridge 
has never existed. The HRB case study of this dissertation is the first vehicular bridge that 
used composites in every element of the structure, and the first of its kind in the state of 
Florida. 
 Research Objectives 
The overall objective of this research is to have a more rational understanding of the 
gaps and issues for the full implementation of FRP materials in construction. The gaps are 
not only related to engineering, but also pertain to economics and management. The 
outcomes of this research are based on the Halls River Bridge (HRB) case study 
experience. The author of this dissertation spent one year at the HRB construction site, 
during the first year of his Ph.D. for the purpose of observing and comprehending the 
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significance and opportunities as well as limitations and barriers of the adoption of 
FRP/RC-PC structural elements. More specifically, this dissertation aims to advance our 
knowledge of: 
I The constructability, adaptability, and construction methods of FRP-RC/PC bridge 
elements as well as managerial aspects for improvements. 
II The economic implications through an innovative Life Cycle Cost (LCC) Analysis. 
III The environmental implications through a Life Cycle Assessment (LCA) study. 
Research Significance 
During the year of deployment at the bridge site, the author collected information on 
FRP construction methods, as well as data regarding equipment, material cost, labor rates, 
consumables, fuel consumption and disposal, and converted them into useful information. 
Additionally, the author collected information on current state-of-the art bridge 
maintenance practices of specific elements of the substructure. All this information is vital 
as input into the model for the LCC and LCA analyses. Some of the novel contributions of 
this research activity can be summarized as:  
• Outcomes related to the construction methods of FRP-RC/PC bridge elements, that 
are validating both CFRP-PC and GFRP-RC technology. Some of the major 
constructability aspects and construction methods of the HRB case study included 
several challenges, such as unforeseen situations requiring onsite adaptation and 
modifications commonly experienced in FDOT projects that use traditional carbon 
steel materials, but that, at the time of writing, still need to be addressed in the 
specifications for FRP materials. Such challenges included pile splicing operations 
and sea wall redesign activities.  
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• The rational understanding of gaps and issues correlated to the implementation of 
FRP materials for its full acceptance in the industry. An example has to do with the 
procurement and lead time of FRP materials to job site. The case study revealed 
that FRP materials may require long lead time. The project scheduling should 
consider that preordering materials may not be possible for federally funded 
projects. Furthermore, when unforeseen conditions or damage occur, there must be 
sufficient reserve of FRP material available, or there must be provision for 
additional time to supply materials. Generally, pre-approving material suppliers 
will minimize delays while ordering FRP materials. Another example is the 
quantity, frequency, and responsibilities of sampling and testing for QC, and 
independent verification should be clearly identified in the contract documents and 
accounted for when the contractor orders FRP material. 
• During the work, the author has proposed an LCC model based on aging of the 
system by using Life-365, and maintenance databases, to establish a correct cost of 
the whole life cycle. Nevertheless, in the LCC analysis the following four 
reinforcing materials for RC structures are compared: Carbon Steel (CS); Epoxy-
coated Steel (ECS); Stainless Steel (SS); and Fiber Reinforced Polymers (FRP).  
The model developed can be used as an additional tool to evaluate the effectiveness 
of design new FRP-RC/PC structures and to take decisions regarding alternatives. 
• In a state as deeply climate-vulnerable as Florida, where the impacts given by sea 
level rises are a close threat, the study shows results with regards to the 
environmental implications of the FRP-RC/PC bridge, through an LCA. The results 
of the FRP-RC/PC bridge design have been compared to the CS-RC/PC, ECS-
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RC/PC, and SS-RC/PC alternatives. The environmental impacts of the CS-RC/PC 
alternative are higher with respect to the FRP-RC/PC design in four out of five 
impact categories. Namely: global warming, photochemical oxidant creation, 
acidification, eutrophication. Further investigations are necessary to understand the 
accurate impacts of the FRP-RC/PC design on ozone depletion (the ozone depletion 
results for the FRP-RC/PC may be misleading, due to the lack of an updated carbon 
fibers database available to the public).  
HRB Bridge Constructability and Main Findings 
The aim of this study is to explore and analyze the correct deployment of FRP materials 
by individuating key parameters that are the combination of constructability concepts, and 
managerial aspects at design and construction phase. These parameters were found and 
generalized to create a lesson-learned methodology. By doing so, this study provides more 
resources, including construction knowledge and experience, for planning and designing a 
quality project that use FRP materials. The intellectual contribution enhances the current 
state-of-practice for the full deployment of FRP technology. This research work identifies 
six key parameters as follows: 
1. Innovation and construction methods. The bridge project case of study includes a 
number of innovative construction elements, herein described, that can be used for 
planning and designing in advance a quality project that uses FRP materials. The 
elements of innovation revealed to be well-adaptive to the process of construction, 
which was also non-conventional. In fact, the construction process accounted for 
partial demolitions of the existing bridge, in parallel to the construction of the newly 
FRP-RC/PC bridge, in order to always guarantee at least one open lane to traffic.  
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2. On-site adaptations and modifications from original design. Specifically, three 
examples are presented. The examples shown contributed to the advancement of 
the technology’s construction knowledge. 
3. Material procurement and lead time. The case study revealed that FRP materials 
should be ordered in sufficient reserve, and because of their potential long lead 
time, may require adjustments to project schedule.  
4. Quality Assurance (QA) / Quality Control (QC). The state-of-art requires any 
project that makes use of FRP materials to undergo specific testing activities.  
5. Trained labor force. Projects intent for the use of FRP materials should carefully 
consider investing time and money in educating the labor force prior to 
construction. Some material properties are better to be known in advance by the 
work force, for the correct technology deployment. 
6. Improved productivity. Through the case study, it was possible to quantify 
productivity of FRP reinforcement. Field data related to the amount of FRP 
reinforcement installed per man-hour are shown, and consequently conclusions are 
drawn. 
Maintaining a lessons-learned database allows communication of positive and negative 
activities and experiences from one project to future projects. In the literature, the 
awareness on constructability benefits had enabled the upper managers to make more 
informed decisions regarding the early inclusion of construction knowledge and experience 
into the conceptual planning and design stages. Similarly, improvements and innovations 
can be implemented in future FRP designs. Additionally, designers, field engineers, as well 
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as construction personnel, may be more aware of innovations in optimal equipment usage 
or construction techniques that may play a key role in improving design and construction. 
LCC 
It is prudent to ask the question: “Why is this needed?” After all, despite the numerous 
complaints in the construction industry regarding corrosion of steel reinforced bridge 
elements in aggressive environments, steel reinforced concrete bridges continue to be built. 
One of the profound reasons lies behind the material cost. Since their first appearance until 
nowadays, the vast majority of the construction industry sees composite materials as 
expensive, sophisticated and unnecessary materials. Most of the mechanical appeals and 
positive properties of FRP materials are only of marginal interest when it comes to cost. 
The purpose of this study is to ask whether an FRP non-corrosive bridge is worth its price. 
The life cycle cost (LCC) analysis develops a systematic methodology for quantifying 
all costs related to constructing, operating, maintaining, and disposing a construction 
project over its defined lifetime. Life-cycle costing is employed in the evaluation of 
alternative system design configurations, alternative production schemes, alternative 
logistic support policies, and so on. Technical considerations are continually given 
throughout the life-cycle analysis to determine and maintain a certain performance level. 
The unique contribution of this study relies on providing an authentic full FRP-RC/PC 
bridge analysis, rather than focusing on a single element (or partial elements), which is 
extensively studied in the literature. In doing so, this study analyzes the actual influence of 
the material cost over all the construction costs. Additionally, the study provides an 
innovative model to compare alternatives with different durations, where the data related 
to the maintenance portion comes from current state-of-the art FDOT practices. 
9 
 
 
LCA 
The use of FRP has been considered sustainable, in part, due to its durable positive 
aspects. However, concerns exist due to the limited information available on FRP material 
system’s recyclability, environmental and health-impacts from a cradle-to-grave approach. 
This study aims to assess the environmental effects of FRP reinforcement used in the bridge 
case study, and to determine how such implications fit the need for sustainability. 
Additionally, according to most international regulations, seawater and other chloride-
contaminated materials cannot be used for concrete production due to their risk of induced 
corrosion of CS reinforcement (Bertolini et al., 2013). On the other hand, the waste 
generate from the concrete industry is massive and there is a need in reducing its 
environmental impacts, including the consumption of natural resources, such as freshwater 
and natural aggregates. The implementation of seawater in construction could allow a 
considerable improvement in the production of sustainable concrete. 
LCA is a widely accepted technique to quantify environmental impacts. There is a wide 
range of published literature reporting on LCA for innovative design incorporating FRP 
materials and sustainable concrete mixes. However, the existing literature is deeply 
retrospective and relies mostly on old data collected from industries years back. Through 
the HRB case study, the present LCA application may be able to transform LCA practices 
and findings into significant tools and knowledge for relevant decision-makers. 
Furthermore, a full FRP-RC/PC bridge solution from cradle-to-grave has never been 
compared to a full CS-RC/PC, ECS-RC/PC, or SS-RC/PC alternative, to estimate overall 
differences. The abundance of sustainable solutions in the case study extended information 
on production and construction emission of newly materials. The case study contributes to 
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valuable insights on the environmental impacts of both FRP reinforcement and sustainable 
concrete. In fact, HRB included the use of seawater in several RC elements, as well as 
concrete with recycled concrete aggregates (RCA), and with recycled asphalt pavement 
(RAP). The variety of concrete mixes used in different elements of the structure, in 
combination with the innovative reinforcement solutions is set to determine case per case 
FRP durability. In fact, during construction of bulkhead cap, gravity wall and traffic 
railings, the construction crew cast several structural-independent test blocks to be 
regularly extracted and systematically tested by academic and FDOT researchers. The 
available test blocks include three types of reinforcement: GFRP, CFRP and Basalt FRP 
(BFRP)
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Chapter 2 
Constructability 
You must be ready to give up even the most attractive ideas                                    
when experiment shows them to be wrong. 
- A. Volta (1745-1827)  
The HRB is a short-spanned vehicular bridge and part of a replacement project for an 
existing structure that reached functional deficiency and aged beyond its service life. The 
new structure comprises five spans for a total length of 56.7 m and a width of 17.6 m. It 
serves as the only passageway over the Halls River for the community of Homosassa 
Springs. 
Innovations and Construction Methods 
The Halls River Bridge (HRB) is a bridge replacement project of an existing structure 
that reached functional deficiency. Figure 1a shows schematic plan and elevation views 
consisting of reinforced and prestressed concrete (RC and PC) elements. The proposed 
two-lane roadway consists of 3.66 m lanes, 2.44 m shoulders and 1.52 m sidewalks on both 
sides. This section of roadway has been classified as rural major collector, with a design 
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speed of 80 km/h. In order to consistently guarantee one open lane to traffic due to this 
being the sole access to the Homosassa Springs community. 
Figure 1b shows an aerial picture of the bridge as of December 2018.  
 
(a) 
 
 
(b) 
Figure 1 – Plan and elevation views of the new Halls River Bridge (a), and aerial picture 
of the bridge as of December 2018 
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The Halls River Bridge (HRB) was designed to be re-built in three phases of 
construction:  
• Phase I consists of an initial realignment of approach roadway and installation of traffic 
control devices and temporary signing for switching traffic (Figure 2a).  
• Phase II consists of the northern bridge portion demolition and construction of half of 
the new structure alongside the existing (Figure 2b and Figure 2c).  
• Phase III consists of demolishing the remaining southern portion of the existing bridge 
and the completion of the project (Figure 2d).  
 
Figure 2 - Construction sequence and phasing 
During Phase II, the two-lane traffic is limited to one travel lane, phased by traffic 
lights and assisted by trained flaggers during critical construction activities. The decision 
of having circulating traffic during construction is vital for the location, since the Halls 
River road is a dead-end road where no alternative detours are available, making the 
existing bridge the only path to reach a small town located on the west side. The double 
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continuous line in Figure 1a represents the centerline and axis of symmetry of the bridge, 
while the dashed line represents the construction joint that indicates the phasing 
construction line, which is offset approximately 1.22 m from the centerline of the bridge. 
Figure 2 shows the construction sequence and phasing of the bridge. 
During Phase II, the following major equipment was deployed to the site: two 230 
Manitowoc 888 crawler cranes (one at each end of the bridge); one loader Deere 644K; 
one double-axle trailer; one welder 340 AMP; one compressor 185 CFM; three barges of 
different size (3x12x0.6 m, 3x6x0.6 m, 3x3x0.6 m); one excavator 336E L– CAT 
(equipped with rotary rock grinder and bucket); one hydraulic impact hammer APE Model 
7-3; and one vibratory hammer APE 44 vibro (or similar) for both bridge crews. 
The 230-ton cranes and the hammers were selected according to site access and to the 
large size of the PC elements (piles and sheet piles) to be driven from the shores. The 
hammer was equipped with a variable throttle control unit that allowed to operate initially 
at low levels, then gradually increase to the necessary power required for pile installation 
(ramp-up measure) to minimize the impact on the aquatic wildlife. The piles installation 
activities consisted of pre-drilling 0.56 m diameter starter holes through the embankment 
fill material and cap rock, down to the required preform elevation at -8.2 m for intermediate 
bents, using an APE Model 50 Top Drive Auger. Upon reaching the desired depth with the 
auger, the drilling was stopped, and the auger was lifted. The material remaining within 
the auger flight was removed from the hole and this activity was repeated until the hole 
was clean to the desired depth. The piles were subsequently driven to cut-off elevation. 
Close-monitoring for vibrations on existing bridge and adjacent elements was conducted 
to avoid any damage and assure traffic safety. 
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Once piles and sheet piles were set in place, following activities could be conducted 
with lighter equipment. The characteristic lightweight of FRP reinforcement was expected 
to be advantageous especially during superstructure construction (Hastak et al., 2004), 
requiring less labor force and a smaller crane.  
For this project, the Florida Department of Transportation (FDOT) standardized 
several innovative structural elements utilizing carbon FRP (CFRP) tendons and glass FRP 
(GFRP) rebars, sometimes in combination with stainless steel (SS) bars and traditional 
carbon-steel (CS) strands. 
The 56.7 m bridge included, among other structural elements: 
• 36 CFRP-PC 0.46 m square bearing piles,  
• 86 Hybrid CS-PC/GFRP-RC 305x762 mm sheet piles,  
• six GFRP-RC pile-bent caps,  
• 998 m2 GFRP-RC bridge deck, 0.22 m thick, two-way slab top and bottom 
reinforced, 
• 150 m of GFRP-RC traffic railings, and 
• two 9.1 m GFRP-RC approach slabs.  
The original design implements Hillman Composite Beams (HCB), consisting of a 
composite GFRP shell encasing a steel-reinforced concrete shallow tied-arch and 
lightweight filling foam (Hillman, 2012). The embankment at both approaches is 
supported by 149 CFRP-PC/GFRP-RC 305x762 mm concrete sheet piles, GFRP-RC 
bulkhead and deadman caps, and a 19.5 m GFRP-RC gravity wall. The use of such 
innovative materials and structural solutions targets a reduced environmental impact and 
an extended service life of 100+years (Cadenazzi et al., 2019a; Cadenazzi et al., 2019b).  
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The implementation of SS and hybrid CS/GFRP alternatives in PC sheet piles was 
included in elements for which proposers advocated a synergy between high strength, 
ductility and environmental resistance, given the chloride ion-rich subtropical environment 
of the HRB site (Nolan et al., 2018).  
The deployment of the innovative technology in the case study faced several challenges 
such as unforeseen situations requiring onsite adaptation and modifications commonly 
experienced in FDOT projects that use traditional carbon steel materials, but that, at the 
time of writing, still need to be addressed in the specifications for FRP materials. Examples 
of some of the challenges included: traffic railings constructability, unforeseen pile 
splicing, and sheet pile wall modification and re-design. These challenges were met and 
overcome providing an opportunity to field-proof the technology’s constructability and 
adaptability. This case study may result in additional constructability considerations and 
guidance to designers and contractors. 
On-site Adaptations and Modifications from Original Design 
The most beneficial constructability elements from the case study were the documented 
lesson learned, captured during the bridge construction. The construction experience and 
knowledge from the construction team were considered very significant to achieve 
constructability improvement. The primary constructability input was from brainstorming 
sessions at the construction site. After a potential method had been investigated, the 
engineering group started to revise the construction process. If any change to the original 
design was necessary, the engineering group revised the design drawings based on the 
method statement proposed. In this case, the design group reviewed the proposed method 
and approved it for construction (with eventual changes if needed).  
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Some of the innovative constructability methods and on-site adaptations involved pile 
splicing of the CFRP-PC bearing piles, and construction of the FRP-RC/PC sheet pile wall. 
Pile Splices 
As part of the substructure, HRB comprises 36 CFRP-PC 46 cm square bearing 
piles. The 15.2 mm diameter CFCC strands, manufactured by Tokyo Rope, were used as 
the prestressing material in the piles, in lieu of conventional steel prestressing strands. 
CFCC spirals were designed not only to provide confinement to the concrete core along 
the pile, but to avoid premature failure by spacing the spirals narrowly at the pile ends, 
which are critical locations during prestressing activities (at the manufacturing plant) and 
during pile driving on site (due to impact loads). Figure 3 (FDOT, 2014a) shows a cross-
section and side view of the typical CFRP-PC pile used for the bridge substructure.  
 
Figure 3 - 45.7cm square CFRP-PC pile cross-section and side view (FDOT, 2014a) 
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During piling activities, due to unexpected geotechnical conditions, four piles in 
bent two, and one pile in bent three needed pile splices. An exploratory H-pile was driven 
to capacity for 45.7 m, in order to establish the length of the pile splices. The exploratory 
pile was driven halfway between pile 3 of bent 2 (piles identification is shown in Figure 2c 
and Figure 2d) and the existing bridge. The required splice length of 25.6 m was calculated 
as the difference between the length of the H-Pile and the length of the original CFRP-PC 
pile. Construction experience reveals that typically pile splices do not exceed 10 m of 
length. A pile splice 25.6 m long was impractical to safely handle next to active bridge 
traffic, and quite expensive to support. For this reason, the pile splices were divided into 
two segments of 12.8 m each, namely drivable unforeseen pile (lower segment) and 
drivable preplanned splice (top segment). The splice connection was guaranteed by a 
female-male connection composed by 8 holes 823 mm deep and 47.6 mm diameter drilled 
on top of the existing pile, and splice dowels 760 mm deep and 41.27 mm diameter on the 
male section of both the drivable unforeseen pile and drivable preplanned splice. Splice 
dowels were made using M32 (#10) stainless steel (SS) bars (2205 alloy) at the precast 
plant. Initially, the dowels were required to be in CFRP, specifically M19 CFRP solid bars. 
However, each FRP manufacturer could supply such bars only with long lead times of large 
order quantities. In this context, the manufacturing company of the CFRP-PC bearing piles 
offered to supply 19-mm CFRP strand (CFCC) to adopt as dowels, but the flexibility of 
non-tensioned CFRP strands (that could cause installation complications), and lack of 
experience or test data for non-prestressed applications of CFRP strands (requiring 
additional test verifications for equivalent shear capacity and development length), favored 
the use of SS solid bars. Figure 4a and Figure 4b (FDOT, 2014a) show reinforcement detail 
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of the drivable unforeseen pile splice and the drivable preplanned pile splice, respectively. 
Figure 4c shows lengths and splice sequence of the pile requiring two splices. 
 
Figure 4 - Drivable unforeseen PC pile splice detail (a), drivable preplanned 
prestressed/precast pile splice detail (b) (FDOT, 2014a), and pile splice installation 
sequence (c) 
On top of the existing pile and the drivable unforeseen pile, 8 holes were drilled 
(Figure 5a) to accommodate the male section of both the drivable unforeseen pile and 
drivable preplanned splice (Figure 5b). Given the outside diameter of the M32 (#10) 
stainless steel bar being 41.27 mm, holes 823 mm deep and 47.6 mm diameter were drilled 
to allow tolerance. In order to complete the splice connection on-site, a plywood form was 
assembled, nailed and secured to the pile head using metal flashing (Figure 5a). On the top 
of the pile, five spacers were liquid-nailed in order to provide a gap for the epoxy to flow 
evenly inside the pre-drilled holes (Figure 5a). Using an air compressor, the holes were 
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first cleared of any dust. About 26.5 liters (7 gallons) of epoxy (two-part Pilgrim EM CBC 
IV Epoxy) were poured into each splice connection (Figure 5c). The male splice section 
was then lowered onto the installed pile (Figure 5d), ensuring proper placement of the SS 
bars (Figure 5e). Once the epoxy had cured, the spliced pile was driven to bearing, or 
spliced again with the pre-planned section in the case of Pile 3. 
Pile driving was monitored with a Pile Driver Analyzer (PDA) system. Given 
ground conditions, pile integrity, hammer performance and driving stresses along the 
length of the pile, a minimum end bearing (EB) of 1,779 kN (400 kip) was required. Pile 
splices were driven until such capacity was reached. 
 
Figure 5 - Construction sequence of CFCC prestressed splice piles. From left to right the 
figures display the splice piles, the lifting of the piles, and the epoxy splice connection 
 
Figure 6 shows the 3D model of the newly constructed bridge, representative of the 
revised design and as-builts elevations; marked in red are the locations of the pile splices 
in Bent 2 and Bent 3, respectively. 
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Figure 6 - 3D bridge model - credit to James Frederick (FDOT) 
Sheet Pile Walls Redesign 
Similar to the corrosion-resistance bridge piles, the concrete sheet pile (CSP) retaining 
wall employed corrosion resistance measures as well. This primarily includes use of GFRP 
reinforcing bars along with CFRP prestressing strands. The PC sheet pile retaining wall in 
direct contact with saltwater includes use of GFRP reinforcing bars along with CFRP 
prestressing strands. The reinforcing in the bulkhead cap also utilized GFRP materials.  
High strength concrete, specified as Class V Special Concrete 41 MPa, was used in the 
fabrication of the concrete precast sheet pile while seawater Class IV Concrete 38 MPa is 
used in the Cast-In-Place (CIP) sections. These design details are important to field test the 
structure resistance to corrosion of the brackish water flowing through the channel, and to 
ensure that the retaining wall provides a long service life.  
During PC sheet piles installation activities in phase II, a hard layer of weathered 
limestone several feet below the mudline was encountered. This hard layer forced the 
construction crew to attempt several installation methods. Among the others, the 
construction crew tried jetting, hydraulic hammer driving, pre-punching and pre-boring. 
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Ultimately, the contractor had to resort to trenching. For an easier installation, the PC sheet 
piles were re-designed to accomplish a shorter elevation of approximately 3 m, which 
required a tie-back sheet pile wall design (Figure 7).  
 
Figure 7 - Tie-back sheet pile wall design plan view (FDOT Bridge plans) 
Figure 7 shows the West end sheet pile wall design. For symmetry, the same design 
has been adopted on the East end. In doing so, the sheet pile structure was modified from 
a cantilevered (Figure 8a) to an anchored design (Figure 8b). The new design re-
implemented part of the sheet piles cut-offs as deadman anchors, which are indicated in 
Figure 7 and shown in Figure 8c.  
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The deadmen carry a substantial portion of the wall loading through threaded SS anchor 
rods (indicated in Figure 7 and shown in Figure 8d), installed within a 102 mm diameter 
PVC perforated pipe (for construction operation protection and drainage reasons). The 
connectors used were M16 SS rods ASTM A955, Grade 75 with length ranging from 8.2 
m to 12.5 m. The bar ends were threaded for coupling at one end and had a 25.4 m tail bend 
at 90° at the other. After installation and tightening, tie-backs and deadman anchors were 
backfilled with A-3 granular material as per AASHTO M-145, 2008. 
 
Figure 8 - Cantilevered sheet pile wall (a), anchored sheet pile wall through SS rods (b), 
deadman anchors installation (c), SS rods anchored to deadmen prior casting of the 
deadmen cap (d) 
 
Given the redesign sheet pile wall was tipped to a shallower elevation, most of the sheet 
piles of Phase II needed to be saw-cut after installation (Figure 9a). GFRP bars were easily, 
safely and rapidly cut with light cutting equipment. The relative ease of drilling through 
GFRP-RC elements has been revealed to be safer to operators and faster than steel-RC 
elements. 
24 
 
 
After bulkhead cap pour, due to a missing V-groove contraction joint along the seawall 
bulkhead cap, a distinct crack was noticed several weeks after casting. Operators did 
eventually saw-cut the crack in order to control it, but an extended crack manifested several 
days after, as shown in Figure 9b. The solution involved removal of the entire portion of 
bulkhead cap at the sheet pile interlock line, doweling of existing bars and re-casting 
(Figure 9c). The remedial action was accomplished with no delays as the material was cut 
easily with hand saws or light grinding and drilling equipment. This avoided damages to 
drill bits and did not delay the work progress. In addition, given the non-corrosive nature 
of GFRP, there was no further need of additional superficial concrete patching. 
 
Figure 9 - RC-GFRP sheet piles saw-cut (a), extended crack at corner cap (b) RC-GFRP 
bulkhead cap remedial action (c) 
Traffic Railing 
In Phase II, the north side of the bridge has a temporary traffic railing that will be 
replaced with a permanent GFRP-RC railing during Phase III. The permanent railing will 
be positioned over the Phase II temporary travel lane of the newly constructed deck. In 
order to insert the permanent North Side Traffic Railing after the casting of the permanent 
deck and to give structural connection between deck and traffic railing, it is necessary to 
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drill the rebars inside the newly constructed deck. For this reason, the North side of the 
deck was designed to include PVC inserts or drillable blockouts (Rocchetti, 2017). Such 
blockouts were to be installed with the placing of the deck reinforcement, during Phase II. 
This process was intended to allow accurate embedment of the GFRP bar insert from 
the railings without damage to the deck reinforcement. Additionally, the process required 
transverse supporting rebars to ensure stability of the blockouts during construction. Figure 
10 shows the traffic railing reinforcement along with blockouts (coded as 5i and 5d in the 
figure) and additional bars, displayed as solid-filled elements. 
 
Figure 10 - North side traffic railing original construction (Rocchetti et al., 2017) 
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This solution proved to be problematic as the lack of deep surface deformation in the 
GFRP bars allowed for the tied deck reinforcement to move and slightly shift under the 
weight of the workers’ boots. As the GFRP bars shifted, the blockouts also moved out of 
alignment. After several unsuccessful attempts, the contractor proposed an alternative 
solution to use a shear key blockout (Figure 11).  
 
Figure 11 – Shear key blockout 
As indicated in Figure 12, each shear key blockout was tied to the longitudinal bars of 
top mat so that its location, as well as the location of adjacent bars, is known based on bar 
spacing. This shear key blockout is made of four 12.7 mm thick sheets of hard insulation 
panels of extruded polystyrene. That means, in total, 51 mm thickness of blockout matches 
the entire concrete cover of the deck in this location. The shear key blockout also allows 
for the location of transverse bars, so that they will not be damaged during drilling in Phase 
III. At the time of casting of the permanent railing, the temporary keyway is removed and 
drill holes for the dowel bars were positioned to avoid existing deck reinforcing, by having 
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open deck reinforcement (Figure 12b). At this stage, a plywood template is also set every 
229 mm to facilitate drilling for the inclined “5d” bars. Holes for the “5i” bars are instead 
spaced every 114 mm. Figure 12b only shows longitudinal reinforcement because the 
transverse bars are not present in such locations. At the time of installing the traffic railing 
reinforcement, epoxy was poured and bars “5i” and “5d” inserted inside the drilled holes 
(Figure 12c). After epoxy was cured, the traffic railing concrete was cast as well as the 
shear key (Figure 12d).  
 
Figure 12 - North side traffic railing construction sequence. Blockout insert (a), holes for 
dowel bars (b), dowel bars insert (c), casting of traffic railing and shear key (d) 
Material Procurement and Lead Time 
Procuring the FRP material at HRB required time and adjustments to project schedule 
that would not typically have been experienced with traditional materials. FDOT 
specifications require that a manufacturer be pre-approved and listed as a qualified vendor. 
In addition, each lot of FRP reinforcement delivered to the site must undergo specific 
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testing for its acceptance (FDOT, 2016b). Required tests per ASTM standards must be 
performed by an approved laboratory (FDOT, 2016b). Such tests include:  
• degree of cure per ASTM E2160 (2018),  
• fiber content per ASTM D2584 (2018),  
• moisture absorption per ASTM D570 (2010),  
• measured cross sectional area per ASTM D792 (2013a), and 
• ultimate tensile strength and tensile modulus of elasticity per ASTM 
D7205/D7205M (2016).  
It should be noted that among the above-mentioned tests, the moisture absorption test 
can take up to 11 weeks. These testing requirements need be considered in the project 
schedule as an activity on the critical path.   
To further aggravate the lead-time procurement of material for this project, the 
manufacturers of FRP bars and tendons for this project were based abroad as there is a 
limited number of FRP suppliers in the U.S. approved by FDOT. For fabrication of the 
precast PC bearing piles and the PC sheet piles, the CFRP strands and spirals were 
produced in Japan and shipped to the precast yard in Jacksonville, FL. Similarly, the GFRP 
rebars for all cast in-place RC elements (bulkhead and deadman caps, pile-bent caps, bridge 
deck, approach slabs, gravity wall and traffic railings) were manufactured in Italy and 
shipped to the site in Homosassa, FL, via four different shipments, each requiring a month-
long surface transportation time. For this reason, the procurement must consider in the 
schedule the lead-time for manufacturing and shipping as well as procurement of additional 
quantities of reinforcement to ensure immediate replacement in case of damages during 
shipping or onsite. The general contractor of this project selected an Italian manufacturer 
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for a number of reasons beyond the scope of this thesis. However, given the growing 
market, there is an increasing number of domestic suppliers as well as non-domestic 
suppliers that are setting distribution centers in U.S., in order to overcome lead-time issues. 
The industry is attempting to define what constitutes a “lot”, in order to ensure quality 
control and at the same time be realistic with the associated testing activities. Existing 
documents define “lot” as any bar produced from start to finish with the same constituent 
materials used in the same proportions without changing any production parameter (ACI, 
2015). However, there is also a trend in defining a “lot” in terms of linear meters (or linear 
feet) of bars produced. This is a current debate taking place from a quality control stand-
point.  
On the other hand, from a quality assurance standpoint, this project involved testing 
activities for the material acceptance. FDOT Specifications did not provide a clear 
definition of what represented a “lot” of FRP products, in order to determine the testing 
frequency.  Initially, the “lot” definition reverted to the FDOT Materials Manual (FDOT, 
2014b) which states that anytime a raw component of the manufacturing process is 
changed, a new “lot” begins.  This would have resulted in an unreasonable number of lots 
that would consequently have required individual acceptance testing.  As a result, the 
contractor was permitted to randomly sample each delivery to verify compliance with 
acceptance requirements.  FDOT is in the process of revising its specification to define 
what constitutes an FRP lot. 
QA/QC  
In some instances, incorrect material fabrication and lack of required quality assurance 
(QA) and material quality control (QC) required re-evaluation of material compliance and 
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design decisions during the course of construction. Cost increase and construction delays 
were the results. Especially for FRP materials, quality requirements should be clear and 
easily verifiable, so that all involved parties can understand the requirements for 
conformance. Additional verifications at manufacturing plant are needed prior to shipment 
to mitigate risk of delays due to non-compliances of materials arriving on site. On site, 
field engineers and trained inspectors should have all necessary tools and resources to 
easily verify material conformance. 
Trained Labor Force 
A well-trained and educated workforce is key to ensure proper use of FRP materials. 
Particularly, general recommended practices for the use of FRP rebars and tendons are 
discussed with consideration for the construction activities that required: handling, storing, 
installation, cage lifting and on-site concrete casting. Some instances of the construction 
activities revealed the importance of investing (prior to construction) in education and 
training of the workforce. This key parameter emphasizes on the adequate workforce 
needed to ensure not only the proper quality work, but also to achieve better productivity 
performance. 
Improved Productivity 
During construction of the bridge, in the process of installing GFRP reinforcement cages 
for specific structural elements, it was possible to quantify productivity in terms of man-
hours. The light unit weight of the material allows the construction crew to use less labor 
and reduces transportation costs, and the low stiffness allows easy on-site cutting of bars 
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to length. Table 1 presents reinforcement list for the bent cap, in terms of length, number 
and unit weight of each bar.  
Table 1 – Pile bent cap reinforcement list 
 
 
 
 
 
 
 
 
 
 
The collecting activity duration data for bent cap element accounted for the 
handling and cage assembling activities only, as the cages were pre-assembled in yard and 
set in place through the aid of a crawler crane. 
The productivity was calculated in terms of length of reinforcement installed per 
man-hour. In total, for each bent in Phase II of construction, 688 m of bars were installed 
by five laborers in 4.5 hours. Productivity is then calculated in terms of linear feet, per 
hour, per man as per equation (1): 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑅𝐶−𝐺𝐹𝑅𝑃 𝐵𝑒𝑛𝑡 𝐶𝑎𝑝 =
𝐿𝑒𝑛𝑔𝑡ℎ 𝑇𝑂𝑇 𝑏𝑎𝑟𝑠
𝑀𝑎𝑛 𝑝𝑜𝑤𝑒𝑟 ∙ℎ𝑜𝑢𝑟𝑠
=  
688
5 ∙ 4.5
= 30.6
𝑚
ℎ𝑟
𝑚𝑎𝑛
                         (1)  
Productivity of on-site placement of steel by weight in similar working conditions 
(assuming same structural elements, a clear working space, optimal climate conditions with 
Pile bent cap 
size length [m] numbers tot length [m] 
M13 1.91 2 3.81 
M13 1.17 2 2.34 
M13 1.47 3 4.42 
M16 2.06 164 337.41 
M16 1.80 18 32.46 
M16 1.85 16 29.67 
M16 1.70 20 34.04 
M25 8.41 22 184.96 
M25 4.04 12 48.46 
M25 1.78 6 10.67 
TOT 688 m 
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ideal temperatures of 25 C, and no reworks) is estimated as 50kg/hr/man (Forsythe, 2014). 
Given the mass per unit length of each steel bar size, it has been possible to calculate similar 
productivity for a similar steel reinforced cage, which resulted in 25.5 m/hr/man. 
Assuming same reinforcement quantity for steel as of FRP, this study revealed that 
in deploying FRP there is approximately a gain of 20% in terms of time. The same 
installation time saving has been noticed for Phase II bulkhead cap, where, based on same 
assumptions, the gain reached a value of 23.6%. Therefore, assuming that the amount of 
GFRP reinforcement can be 20 to 25% more than the corresponding steel reinforcement 
for the same capacity, it is concluded that there is no cost of installation penalty when using 
GFRP rebars.  
Given HRB construction sequences, the crane used to set GFRP cages on bent caps 
was the same 250 TON crane used to drive piles. The assumptions made on productivity 
do not consider the fact that a smaller crane size could have been deployed, resulting in 
possible cost savings. 
Poor site organization and lack of experience in deploying suitable equipment can 
affect optimization of FRP productivity, the same way that lack of labor experience can 
cause difficulties on FRP handling. For the case study, the labor force was properly trained. 
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Chapter 3 
LCC 
Neither a lofty degree of intelligence nor imagination nor both together go to 
the making of genius. Love, love, love, that is the soul of genius. 
- W.A. Mozart (1756-1791)  
The LCC analysis is performed at the design stage and includes a cradle-to-grave 
analysis. The analysis is based on data regarding equipment, labor rates, consumables, fuel 
consumption and disposal collected during the construction phase.  
The following four reinforcing materials for RC structures are compared: Carbon Steel 
(CS); Epoxy-coated steel (ECS); Stainless Steel (SS); and Fiber Reinforced Polymers 
(FRP). The last three materials are studied and compared with consideration of their 
corrosion-resistance benefits.  
Carbon-steel bars are available as Grade 40, 60, or 80 and specifications are issued 
by ASTM A615/A615M (ASTM 2016). The most commonly specified steel bars are Grade 
60, with a yield strength of 414 MPa, an ultimate strength of 621 MPa, and an elastic 
modulus of 200 GPa. This grade of CS reinforcement is assumed as the benchmark case, 
for the purposes of comparison. Low-relaxation high-strength carbon-steel bars are 
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available as Grade 250 or 270 and specifications are issued by ASTM A416/A416M 
(ASTM 2018). Grade 270 is used as benchmark in this study with a yield strength of 1676 
MPa, an ultimate strength of 1860 MPa, and an elastic modulus of approximately 195 GPa. 
RC structures may experience reinforcement corrosion over time that leads to 
expansion and spalling of the surrounding concrete (Capozucca, 1995). Corrosion of the 
bars is a deterioration phenomenon which can ultimately lead to failure under external 
loads. Spalling accelerates the corrosion of adjacent bars and exacerbates long-term 
maintenance issues. To delay corrosion, a thin barrier layer of epoxy coating can be applied 
to protect the bar surface; however, especially in Florida, corrosion still remains a 
significant problem with the use of ECS reinforced concrete, particularly when a longer 
service life is required (Sagüés et al., 1994). The epoxy coating is an effective corrosion 
inhibitor, but only as long as the coating remains intact. Imperfections and damage to the 
bar surface during shipping, handling or installation compromise the protective layer and, 
thus, the bars ability to resist corrosion over time. 
ECS bars and strands shall meet all requirements as of ASTM A775/A775M 
(ASTM, 2017) and have similar mechanical properties as CS bars. ASTM A775/A775M 
defines ECS as reinforcing bars with protective epoxy coating applied by the electrostatic 
spray method, for providing additional corrosion-resistance. The coating thickness 
measurements shall be 175 to 300 μm for bars sizes Nos. 10 to 16, and 175 to 400 μm for 
bar sizes Nos. 19 to 57 (ASTM, 2017). ECS strands shall meet the requirements of ASTM 
A882/A882M (ASTM 2004). 
Austenitic SS-316 and duplex 2205 has been selected as the common grades for the 
SS-RC and SS-PC respectively, specifications are provided by ASTM A276/A276M 
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(ASTM 2017) and FDOT (2018a) given the wide range of studies available to date to prove 
its performance in RC structures (Freire et al., 2010; Abreu et al., 2006; Veleva et al., 2002) 
and (Moser, 2012) for PC members. The term austenitic refers to the microstructure of the 
SS, as detailed in (Gedge, 2008). Thus, SS-316 is often considered one of the most suitable 
choices when selecting an austenitic SS for marine applications. Duplex 2205 is a more 
recently developed alternative for prestressing strands. Recent studies by Redaelli at al. 
2019, show that preliminary results from service life estimations on austenitic SS-304 bars 
embedded in seawater concrete, assuming a probability of failure of 10%, guarantee service 
lives higher than 140 years. Since (Redaelli at al., 2019) refers to a lower SS alloying 
content (nickel and molybdenum), it is conservative to assume for the purpose of this 
thesis, that the grade SS-316 and 2205 guarantees a service life of 100 years.  
FRP represent a proven non-corrosive alternative to CS in new constructions 
(Spadea et al., 2018). Commercially available solutions include Glass FRP (GFRP) bars 
for RC and Carbon FRP (CFRP) strands for PC. Deployment of FRP reinforced concrete 
(FRP-RC) and FRP prestressed concrete (FRP-PC) eliminates the issue of reinforcement 
corrosion, irrespectively of the concrete mix-design (Bertola et al., 2017). FRP is a brittle 
composite material, elastic until failure, stronger, but less stiff with respect to CS. The 
minimum specified values for strength and stiffness of GFRP bars are defined by ASTM 
D7957 (ASTM, 2017). CFRP strands are not regulated at the federal level, but the FDOT 
Construction Specifications (FDOT, 2018a) include minimum specified values for strength 
and references to applicable acceptance criteria. Design with FRP is regulated by AASHTO 
LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete (AASHTO 
2018b) and AASHTO Guide Specifications for the Design of Concrete Bridge Beams 
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Prestressed with Carbon Fiber-Reinforced Polymer (CFRP) Systems (AASTHO 2018a). 
The amount of reinforcement required is typically in the order of 1.5 times with respect to 
steel reinforcement in RC applications whereas for PC applications a ratio of 1 is possible. 
Design of GFRP-RC is typically governed by service considerations including crack-width 
and deflections limits in reason of its relatively low elastic modulus of approximately 45 
GPa. 
When using non-corrosive reinforcement like SS and FRP it is possible to reduce the 
clear concrete cover to 50 mm, as opposed to the 76 mm or 100 mm, typically used in 
marine substructures from FDOT (FDOT, 2019). Additionally, concrete additives (silica 
fume, metakaolin, ultrafine fly ash, or for non-submerged applications: corrosion 
inhibitors) required by FDOT for all CS-RC/PC alternatives in marine environment, do not 
apply when using SS and FRP (FDOT, 2018a & 2019). 
Life Cycle Model 
LCC – State-of-the-art 
Traditional LCC frameworks are generally developed as deterministic analyses, 
whereby designers assign to each input parameter (such as the cost and frequency of 
maintenance activities) a fixed value. In a probabilistic analysis, the input parameters are 
stochastic variables based on assumed or documented mean and standard deviation values, 
and distribution function. Typically, probability distribution functions for the variables 
considered in the analysis are performed through Monte Carlo simulations (Hatami & 
Morcous, 2015). The random sampling model generally includes thousands of iterations 
that ultimately generates a probability distribution of the maintenance costs.  
By comparing a deterministic and probabilistic approach, it is possible to better 
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quantify the effects given by the distributions of sensitive parameters that are dependent 
on uncertain variables. Additionally, for durability-enhancing materials in general, life-
cycle optimization frameworks have been recently developed (Yang et al. 2019), in order 
to maximize the life-cycle performance and minimize the maintenance cost.  
The model deployed in this LCC analysis may be considered state-of-the-practice, 
rather than state-of-art innovation. However, it is the scope of this thesis to present a 
traditional deterministic framework that can serve as a comparative tool for cost and 
environmental credentials among four different bridge design alternatives. The parameters 
of uncertainty are taken into account in the deterministic framework through sensitivity 
analyses. 
Service Life  
The main regulations for life cycle analysis are EN 15804 (EN, CEN, 2013), and ASTM 
E917/E2453 (ASTM, 2013b). The model presented in this thesis adopts the same 
nomenclature and procedures presented in the above standards.  
The concept of service life is distinct from the concept of design life. As for AASHTO, 
2017 the service life is defined as the time-period during which the bridge structure 
provides the desired level of performance or functionality, with any required level of repair 
and maintenance. The bridge service life differs from the concept of design life, which is 
the period of time on which the statistical derivation of transient loads is based: 75 years 
for the current version of AASHTO (AASHTO, 2017). The AASHTO specifications 
(AASHTO, 2017) do not currently define a specific service life in years for bridges. The 
definition of service life in the current version of AASHTO (AASHTO, 2017) is clearly 
not related to the design life or the probabilities associated with it. However, for most 
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applications, it is reasonable for owners and designers to target a minimum service life of 
75 years. Recent research (Zhang, 2016) that deals with life cycle cost analyses of concrete 
bridges in corrosive environments and is based on preventive maintenance actions, use the 
75-year period as service life. Such studies identify the 75-year period by averaging the 
service life reported from most DOTs in bridge projects that adopt CS as reinforcement 
(Zhang, 2016).  As discussed in AASHTO, 2017 to reach the expected service life, a 
systematic maintenance plan that includes the identification of “hot areas” requiring more 
detailed inspection and maintenance, should be included in the analysis. Considering the 
average age of the bridges in the U.S. is 42 years while they are currently designed for a 
service life of 75 years (Cui, 2016) and the large number of deficient bridges, highlights 
the obvious need for a better understanding of the effect of aggressive environments on 
their lifetime performance (Cui, 2016). One of the main causes of deterioration of concrete 
structures in Florida, as with many other states, is the chloride-induced corrosion of the 
steel reinforcement.  
With the introduction of new durable non-corrosive materials, the expectation of 
industry is to guarantee a longer service life. Realizing a 100-year service life for bridges 
in aggressive environments requires a performance-based durability plan. However, a 
difficulty in using accelerated testing in predicting service life is the lack of long-term data 
on the in-service performance of concrete, as discussed in (ACI, 2015). There are research 
studies that extrapolate behaviors up to 100 years and shall be intended as the best 
projections to date (Keller et al., 2017). Additionally, fib, 2007 obtained experimental data 
and extrapolated it to determine a theoretical service life of 100 years (Fib, 2007). 
Moreover, recent studies are showing that the degradation phenomena experienced by FRP 
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in structures may be less severe than shown in extrapolation from accelerated testing 
(Gooranorimi and Nanni, 2017). If this is the case, future practice may allow for the design 
of FRP-RC/PC structures for longer service lives at equivalent maintenance costs. Such 
observations and research studies are the factors taken into account in the model that paves 
the way for achieving a 100-year (low-maintenance) service life for FRP-RC/PC structures.  
Based on the previous considerations, the author of this research reasonably considered a 
service life of 75 years for the CS-RC/PC alternative, and a service life of 100 years for the 
FRP-RC/PC solution. 
Different service life scenarios, and thus different end-of-life scenarios, can obviously 
change the analysis substantially. However, based on the current regulations and state of 
practice, the identified scenario is expected to be the most likely. For the purpose of 
comparing the two alternatives, for which a service life of 100-years is requested, the 
analysis of the CS-RC/PC bridge alternative takes into account one demolition and one 
reconstruction. 
Model Boundaries 
The life cycle of the FRP-RC/PC and SS-RC/PC solutions comprise the following:  
• Material fabrication (or product stage) 
• Construction stage 
• Use stage 
• End of Life (EoL) 
The life cycle of the CS-RC/PC and ECS-RC/PC alternatives is composed by: 
• Material fabrication (or product stage) 
• Construction stage 
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• Use stage 
• End of Life (EoL) 
• Reconstruction (which includes new material fabrication and new construction 
stage) 
• Use stage for the 25 years of second life. 
The latter includes the fact that only 25 years of the second life are included in the 
analysis, in order to have the CS-RC/PC and ECS-RC/PC alternatives reach 100-years for 
a consistent comparison of the four different design alternatives. Additionally, the 
reconstruction activities (and associated costs and environmental burdens) are accounted 
for by including one third of the initial construction, assuming that the bridge uses the same 
design criteria, service life expectation, and construction methods of the original bridge. 
Maintenance Model 
The maintenance and repair model implemented in this study operates in preemptive 
maintenance. It allows to schedule systematic inspections and consequent repair activities 
before any incipient deterioration develops into a major damage. The maintenance model 
includes both routine activities and extraordinary intervention such as the replacement of 
specific elements or their Cathodic Protection (CP). 
Life-365 software (Silica Fume Association, 2017) was used to estimate the 
maintenance schedule for the design alternatives. This tool provides a reliable database 
with information on chloride concentration across the US. Since HRB is located in 
Homosassa Bay, 109 km north of Tampa Bay, the same chloride concentration of 14 kg/m3 
can be assumed.  
The chloride diffusion coefficient is a function of both time and temperature, and 
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Life-365 uses the flowing equation (2) to account for time-dependent changes in diffusion 
(Zhang et al., 2013): 
𝐷(𝑡) = 𝐷28 (
𝑡28
𝑡
)
𝑚
            (2) 
Where D(t) is the diffusion coefficient at time t, D28 is the diffusion coefficient at time 
t28, set at 1.17E-8, and m is the diffusion decay index (based on the concrete mixture design 
detail), and set at 0.2 for Portland cement concrete, as suggested in the current version of 
Life-365. Additionally, the critical chloride threshold required to initiate corrosion of steel 
is set at 1.17 kg/m3. These defaults values of Life-365 model were used to predict the 
maintenance schedule. However, author believes that given the addition of silica fume in 
the mix, as typically utilized in FDOT applications, the results of Life-365 may be 
conservative for FDOT concrete. Thus, author acknowledge that the analysis may include 
conservatism for the CS-RC/PC alternative. 
With regards to the CS-RC/PC design solution, the level of chloride penetration that 
triggers corrosion initiation of CS reinforcement is reached at year 12. This value is the 
corrosion initiation time and for the specific case study is equal to 12 years, time when the 
chloride threshold of 1.17 kg/m3 is reached at a concrete depth of 76.2 mm (Figure 13a). 
The chloride concentration threshold for CS rebars and strands is influenced by a number 
of variables, and the value selected in this study is consistent with the results presented in 
a number of publications (Bentz E., & Thomas, M.D.A., 2018; Lindquist et al., 2006; 
Tanaka et al., 2006; Jin et al., 2010; JSCE, 2007). The level of damage that requires the 
structure repair is found by summing the corrosion initiation and the corrosion propagation 
periods (Bentz E., & Thomas, M.D.A., 2018; Ehlen et al. 2009). The corrosion propagation 
time is equal to 6 years, according to the software Life-365 (Bentz E., & Thomas, M.D.A., 
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2018). By applying preventive maintenance on concrete at year 12 (corrosion initiation 
period) the model assumes that the corrosion propagation period is interrupted.  
The preventive maintenance is effectively conducted on the bridge “hot” areas prone 
to corrosion (see subchapter 3.1.4.1 and subchapter 3.1.4.2) so that the corrosion initiation 
period could restart. However, at year 31, the model assumes that the corrosion propagation 
period, even though partially interrupted, reached in specific areas its limit and the level of 
damage that requires the structure essential repair is reached. Figure 13b shows the 
accumulation of chlorides at the rebar surface (embedded in concrete at a depth of 76.22 
mm) over time. Figure 13a and Figure 13b refer to both the CS-RC/PC and ECS-RC/PC 
deterioration model, based on Fick’s second law of diffusion. This model assumes that the 
initial concentration remains constant over the service life of the bridge. With regards to 
the ECS-RC/PC alternative, Life-365 suggests that its service life should be that of CS-
RC/PC translated by a number of years that is arbitrarily selected.  However, being the 
same grade of CS, it should undergo the same design criteria as CS with a few minor 
modifications in development length. For this reason, the ECS-RC/PC is an alternative 
with the same service life (75-years) as that of CS-RC/PC, but with an extended routine 
maintenance interval. In particular, by verifying the steps of the Software Life-365, the 
maintenance model was found to be translated by 14 years (Bentz E., & Thomas, M.D.A., 
2018). In fact, whereas the corrosion initiation time of ECS remains the same of CS, but 
the corrosion propagation period is increased to 20 years (Bentz E., & Thomas, M.D.A., 
2018). For this reason, the cathodic protections (CP) of the ECS-RC/PC design alternative 
are adjusted accordingly, and the patching activities at year 11, and at year 86 (after 
reconstruction) have been assumed to be minimal activities, similar to those of the SS- and  
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FRP-RC/PC alternatives. However, from year 21 and year 96 onward, the patching 
activities undergo the same assumptions of the CS-RC/PC alternative.  
 
Figure 13 - Chloride concentration threshold at 12 years, for 76.2mm of concrete cover 
(a); Chloride Concentration over time at depth 76.2mm for CS-RC/PC and ECS-RC/PC 
(b). 
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Maintenance planning strategies include preventive and essential interventions aimed 
to extend the useful service life of each bridge design alternative (Biondini & Frangopol, 
2016). Figure 14a and Figure 14b represent the maintenance strategies selected to minimize 
the total expected life-cycle cost. Figure 14a refers to the maintenance strategies selected 
for the CS-RC/PC and ECS-RC/PC design solution, whereas Figure 14b refers to 
maintenance strategies selected for the SS-RC/PC and FRP-RC/PC alternative designs. 
 
Figure 14 - Conceptual Durability Performance of CS-RC/PC and ECS-RC/PC solutions 
(a); Conceptual Durability Performance of FRP-RC/PC and SS-RC/PC solutions (b) 
The FRP-PC/RC maintenance model includes only minimal patching activities on the 
concrete that conservatively take place every 10 years. FRP materials and concrete, though 
45 
 
 
 
immune from electrochemical corrosion, do suffer from slow deterioration due to moisture 
ingress, acid, alkali or sulfate attack, or increased temperatures (Ceroni et al., 2006). Many 
accelerated lab results and several field studies indicate an estimated 10% to 30% reduction 
compared to the initial tensile strength (Benmokrane, & Ali, 2016; Robert et al., 2009). 
More recent studies on bridges (Benzecry et al., 2019) indicate that the reduction in tensile 
stress is only 2.13% over a period of 17 years of service. Assuming the degradation to be 
linear, the corresponding drop in strength over a period of 100 years is estimated 12.5% 
(Benzecry et al., 2019).  However, the design of FRP structures takes into consideration 
such potential reduction of strength over time by offsetting the initial design strength 
through the application of an environmental knock-down factor, following the design 
provisions of AASHTO (2018a) as per equation 3:  
𝑓𝑓𝑑 = 𝐶𝐸𝑓𝑓𝑢
∗                   (3) 
Where: 𝑓𝑓𝑑 is the design tensile strength of FRP; 𝐶𝐸 is the environmental reduction 
factor equal to 0.70, as specified in AASHTO (2018a); and 𝑓𝑓𝑢
∗  is the guaranteed tensile 
strength of the unconditioned FRP bar. As shown in equation (3), the design tensile strength 
intrinsically considers a reduction for service environment, and thus degradation of FRP 
materials (through the 𝐶𝐸 factor). For this reason, the projected performance over 100 years 
is meant to be above the minimum design requirement, without the need for reinforcement 
replacement or additional protection (Figure 14b).  
The SS-RC/PC design alternative undergoes the same maintenance criteria as the FRP-
RC/PC alternative, given the high corrosion-resistance properties of SS-316/2205 materials 
(García-Alonso et al., 2007; Ping et al., 1996; Flint & Cox, 1988; and Moser, 2012). The 
most recent version of the software Life-365 used by the author, confirms the maintenance-
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free timeline for SS-RC/PC elements in uncracked concrete. The chloride concentration 
threshold to initiate corrosion for SS is ten times more than the threshold adopted for CS 
(Bentz, E., & Thomas, M. D. A., 2018; Srensen, et al., 1990), whereas the propagation 
period remains the same. Refinement of the propagation period is ongoing under and 
FDOT research project (Sagüés, A. & Mullins, G., 2018). The chloride concentration 
threshold for SS rebars and strands rises to 11.7 kg/m3, which is exceeds the calculated 
chloride concentration projected by Fick’s law at 100 years (Figure 15).  
 
 
Figure 15 - Chloride Concentration over time at depth 50.8 mm for SS-RC/PC 
This means that the maintenance timeline is translated by a number of years that is 
longer than the SS-RC/PC bridge service life. However, the concrete may still require 
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maintenance over time, as needed for the FRP solution, especially given the assumptions 
of uncracked concrete. For this reason, the preventive maintenance actions of the SS-
RC/PC solution consist of the same timeline and operations required for the FRP-RC/PC 
alternative. Additionally, the SS-RC/PC solution also allows for the same design criteria 
as the CS- and ECS-RC/PC counterparts, given the similar mechanical properties of the 
three materials. 
Although pitting corrosion may be a serious problem in some SS reinforcement, 
causing localized stress concentrating defects (García-Alonso, et al., 2007; Sedrikis, 1996). 
SS-316 & 2205 alloys have extended pitting corrosion resistance in the presence of 
chlorides. Also, as the threshold tolerated by SS rebars and strands is 10 times higher than 
those of CS (Bentz, E., & Thomas, M. D. A., 2018; Srensen, et al., 1990; García-Alonso, 
et al., 2007), pitting corrosion issues are not triggered for the chloride concentration levels 
of the specific case study. García-Alonso, et al. (2007) found to be very improbable the 
pitting corrosion initiation of SS 316 rebars embedded in concrete with chloride additions 
that were approximately two times the chloride content of the present study. Additionally, 
the case study of Progreso Pier in Yucatan (Mexico), built between 1937 and 1941 
(Arminox, 1999), supports the SS-RC/PC degradation model adopted in this study. 
Progreso Pier was reinforced with AISI 304 SS rebars (Arminox, 1999), which is a lower 
grade alloy compared to the that selected for this study.  
Figure 16 shows the life cycle stages of the four design alternatives. 
Bearing Piles 
 
Figure 17a shows the typical zones of corrosion for piles. HRB tidal zone is 
approximately 0.91 m, while splash zone counts for an additional 0.61 m as recorded during 
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construction. Thus, the length of each pile to be repaired is 2.44 m. The repair solution for 
the piles consist of pile jacketing (Figure 17b). Pile jackets are externally applied to the 
damaged portion of the pile and contains a zinc wire mesh anode to apply cathodic 
protection from corrosion. Details are specified by FDOT Specifications Special Provision 
457 (FDOT, 2016a). Pile jackets are the most common type of pile protection in FDOT 
projects according to FDOT database.  
 
Figure 16 - Life cycle stages of design alternatives 
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Figure 17 - Zones of corrosion of bearing piles (a), cathodic pile jacket elevation view (b) 
With regards to the CS-RC/PC alternative, as per the model presented in Figure 14, the 
cathodic protection installation activities (indicated in Figure 16 as “CP”) take place 
periodically over the years of service. After 31 years cathodic protection is needed over 
25% of the total number of bridge piles. This protection activity is indicated in Figure 16 
as “CP1”. CP2 refers to the total number of bridge piles being protected for 50% at this 
stage, while CP3 accounts for the 75%. The remaining 25% of the total number of bridge 
piles is assumed to be repaired with conventional methods such as concrete patching. Given 
their service life of approximately 25 years, periodically, the cathodic protections are 
substituted. The time frame of each CP replaced is shown in Figure 16. At the end of their 
service life, CP are removed and replaced by new CP devices. 
With regards to the FRP-RC/PC design, the scheduled maintenance operations consist 
of minor repairs to concrete taking place every 10 years. The patching activities for the 
FRP-RC/PC alternative are estimated at 33% of the CS-RC/PC design. 
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Sheet Piles and Bulkhead Cap 
 
Sheet piles are flexural elements made collaborating through the casting of a bulkhead 
cap. RC and PC elements are subject to cracking. Cracking is not always an indication of 
structural problems, but the cracks provide an entry point for water and chlorides to 
penetrate and accelerate corrosion of reinforcing and prestressing steel. Cracking can occur 
in either the concrete cap or the sheet piles themselves. Crack repair is a common approach 
covered by FDOT specifications per FDOT sub article 400-21.5.2 (FDOT, 2018b). In the 
model adopted, every 10 years the cracks on either the concrete cap or the concrete panels 
are supposed to be injected and sealed, along with flowable fill placed beneath the slope 
pavements at the bridge approaches. Since sheet piles usually tend to be obscured by water, 
marine growth or debris, most of wall inspections are performed from land. The model 
assumes that small cracks in sheet piles and bulkhead cap are repaired on a 10-year base. 
Furthermore, at the occurrence of Cathodic Protection replacement operations, the 33% of 
the total CS reinforcement in the concrete cap is replaced (CP1 operations indicated in 
Figure 16 every approximately 30 years). Additionally, the existing corner sheet piles, 
which are the most exposed, are removed and replaced with new corner sheet piles. The 
replacement activity includes strengthening of the existing structure through the 
installation of two additional adjacent sheet piles that enhance the wall capacity in the 
corner location.  
With regards to the FRP-RC/PC design, the scheduled maintenance operations consist 
of minor repairs to concrete taking place every 10 years. The patching activities for the 
FRP-RC/PC alternative are estimated at 33% of the CS-RC/PC design in terms of volume 
for both sheet piles and bulkhead cap.  
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This assumption is based on the primary concern of substructure corrosion for the CS-
RC/PC design, constantly subject to significant chlorides levels. As the steel rebars begin 
to corrode, iron oxides (with a greater volume than the metal ions) form on the rebars 
surface.  This causes an increase in volume of the steel rebars that leads to internal stress 
within the surrounding concrete, resulting in cracking (PCA, 2002). As cracks appear on 
the surface, they allow more chlorides to reach the reinforcing steel, thus causing more 
corrosion and build-up of iron oxides. This leads to enlarging cracks and accelerated 
deterioration, eventually leading to spalling of the concrete and loss of load bearing 
capacity of the structure. This phenomenon is absent in the FRP-RC/PC and the SS-RC/PC 
alternatives, and the patching can be done more sporadically. Thus, the only surface may 
need to be sporadically patched for performance or aesthetical reasons at a rate of one third 
of the CS-RC/PC counterpart.  
LCC Analysis 
Material Cost 
Product stage refers to the fabrication of the reinforcement bars. The product stage cost 
data of several design alternatives were taken from reports provided by government 
agencies, private industries and commercial software. For a comparison of these individual 
costs, see Table 2. 
Carbon-steel Alternative 
CS rebars and strands are generally priced by unit weight. The unit cost of CS rebars is 
1.32 USD/kg, and that of CS strands is considered to be 3.30 USD /kg. The cost of the 
concrete mix for the CS-RC/PC alternative is estimated by adding to traditional concrete 
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mixes the cost of Highly Reactive Pozzolans (HRP) such as silica fume, metakaoline, or 
ultrafine flyash, which are required to achieve the intended service life. The addition of 
silica fume to the concrete mix increases the cost of prestressed concrete elements by 19.69 
USD/m3 and increases the cost of cast-in-place elements by 52.32 USD /m3 (FDOT, 2019).  
Table 2 – Alternative reinforcement cost comparisons 
Reinforcing bars 
Bar size 
Carbon steel  GFRP CFRP 
Unit weight 
[kg/m] 
 Cost 
[$/m]  
Unit weight 
[kg/m] 
 Cost 
[$/m]  
Unit weight 
[kg/m] 
 Cost 
[$/m]  
M10 0.561 0.75 0.159 1.71 N/A N/A 
M13 0.996 1.31 0.281 2.36 N/A N/A 
M16 1.556 2.07 0.427 3.80 N/A N/A 
M19 2.240 2.95 0.607 4.99 N/A N/A 
M25 3.982 5.25 1.046 8.56 N/A N/A 
1x7 15.2mm 
strand 
1.210 3.30 N/A N/A 0.221 12.50 
 
Carbon-steel Alternative 
CS rebars and strands are generally priced by unit weight. The unit cost of CS rebars is 
1.32 USD/kg, and that of CS strands is considered to be 3.30 USD /kg. The cost of the 
concrete mix for the CS-RC/PC alternative is estimated by adding to traditional concrete 
mixes the cost of silica fume (HRP) is required to achieve the intended service life. The 
addition of silica fume to the concrete mix increases the cost of prestressed concrete 
elements by 19.69 USD/m3 and increases the cost of cast-in-place elements by 52.32 USD 
/m3 (FDOT, 2019).  
Epoxy-coated-steel Alternative 
Similar to CS rebars and strands, ECS reinforcement is priced by unit weight. The unit 
cost of ECS rebars and strands is assumed to be 33% more expensive than CS counterparts. 
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Such a price difference is provided by the software Life-365. In fact, the cost of ECS bars 
in Life-365 is 1.32 USD/kg, whereas the cost of CS bars is 0.99 USD/kg. Given the fact 
that these unit costs are dated, the author applied the calculated difference to the current 
prices in the U.S. As such, the unit cost of ECS bars is 1.76 USD/kg (whereas the cost of 
CS bars is 1.32 USD/kg), and that of ECS strands is 4.39 USD/kg (whereas the cost of CS 
strands is 3.30 USD/kg). With regards to the cost of CS bars and strands, the first author 
accessed historical steel cost rebars from contractors’ past experience and found an average 
of 1.32 USD/kg as average cost of steel rebar. The unit cost shown is in line with current 
available estimates and FDOT’s publicly accessible reports for historical bid prices 
(FDOT, 2018c). Similarly to the CS-RC/PC alternative, the ECS-RC/PC solution accounts 
for the inclusion of silica fume in the concrete mix design.  
Stainless-steel Alternative 
Austenic stainless-steel (SS) alloy 316 was selected as primary reinforcement and 
duplex 2205 for the prestressing strand in the SS design alternative, to improve the 
corrosion resistance the aggressive environment for at least a 100-year service life. The 
unit cost of SS-316 rebars is assumed to be 8.82 USD/kg, as per (FDOT, 2019). Thus, the 
ratio between CS rebars and SS rebars can be calculated as approximately 6.68. The cost 
of SS strands, instead, is translated from the unit cost of CS strands, and then multiplied by 
the cost ratio found between CS rebars and SS rebars. The use of SS as primary 
reinforcement in corrosive environments may allow the use of traditional concrete mixes 
in some jurisdictions, and the reduction of concrete cover from 76.2 mm to 50.8 mm, for 
the elements composing the bridge substructure, however for SS prestressed elements in 
marine environments FDOT still recommends supplemental HRP in the concrete (FDOT, 
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2018a & 2019). 
FRP Alternative 
GFRP rebars and CFRP strands are priced by unit length. Table 2 shows documented 
FRP unit cost for the several diameters available. The unit costs of FRP rebars were those 
from the HRB project. Additionally, similar to the SS-RC/PC alternative, and construction 
plans, the FRP-RC/PC accounts for a reduced concrete cover of substructure elements and 
use of conventional concrete mix designs. 
Construction Stage 
The costs incurred at the construction stage account for material transport activities 
from manufacturing plant to site and labor and equipment required for material installation, 
such as concrete formwork, concrete casting tools, and reinforcement cage installation. All 
data regarding construction activities were collected during the construction phase of the 
bridge project. Construction costs of ECS-RC/PC and SS-RC/PC alternatives are shown in 
Table 2 and Table 3, respectively. 
Even though some researchers (Younis et al., 2018; Brown, 2015) account for expected 
efficiency savings during construction phase of FRP-reinforced projects in LCC analyses, 
this thesis does not take into consideration such potential reduced costs. The costs related 
to the installation of additional reinforcement equal the savings given by faster and less 
expensive installation methods for FRP-RC/PC elements, as demonstrated previously 
(chapter 2.6). The design of the FRP-RC/PC solution accounts for more reinforcement 
because of several FRP properties and current design limitations, such as their lower elastic 
modulus which negatively affect the deflections and crack widths, and limited creep-
rupture resistance properties that affect the long-term performance of the structure. The 
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CS-RC/PC alternative is designed to provide equivalent strength and performance with 
respect to the FRP-RC/PC design. The main difference is in the required amount of 
reinforcement as a consequence of the different mechanical properties of FRP bars and 
strands compared with CS reinforcement. Each element maintains the same geometry 
except for the bearing piles. The section of the square CS-PC piles is increased to 0.61 m 
under FDOT policy, to provide sufficient core concrete (robustness) for corrosion repairs 
and rehabilitation, as required by FDOT (FDOT, 2018b). Similarly, the concrete mix used 
for the substructure of the CS-RC/PC alternative is required to include a percentage of 
silica fume to mitigate chloride penetration and consequent corrosion phenomena. This is 
not required when FRP reinforcement is used. Table 3 summarizes the FRP-to-CS 
reinforcement ratios for each member of the bridge.  
Table 3 - FRP to steel reinforcement ratios 
Components FRP/steel ratio 
Precast Girders 2.0 
 
 
Cast in 
place 
Bent caps 2.0 
Bulkhead caps 1.5 
Deck 1.5 
Concrete traffic railing 1.7 
Approach slab 1.3 
Gravity wall 1.0 
 
These ratios are conservative and tend to overestimate the amount of FRP 
reinforcement required. The design of GFRP-RC elements is expected to become more 
efficient following the publication of the second edition of “AASHTO Bridge Design 
Specifications for GFRP Reinforced Concrete,” approved in June 2018 (Rossini et al., 
2018a). Similarly, the design of CFRP-PC elements is expected to become more efficient 
following the publication of specific American Association of State Highway and 
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Transportation Officials (AASHTO) design specifications that were published in 
December 2018 (Belarbi, 2018). 
Use Stage 
The use stage accounts for the maintenance and repair activities of precast/prestressed 
bearing piles and sheet piles that compose the bridge substructure. Table 4 shows all 
maintenance operations of the four alternatives and, for convenience, is split into two 
sections. The first portion of the table shows the absolute costs related to each alternative 
maintenance operation. The second portion of the table shows the costs breakdown by 
years of the maintenance and repair activities for each design alternative, conservatively 
assuming a discount rate of 1%.  Costs data were obtained from FDOT historical cost 
database (FDOT, 2018c). 
End of Life Stage 
The EoL stage refers to demolition, disposal, and eventual reconstruction activities of 
the design alternatives. The demolition cost for all design alternatives is estimated at 
$573,352. The estimation is based on FDOT database and inventories (FDOT 2018c). The 
assumption neglects the fact that demolition of FRP-RC/PC may require reduced 
machinery given the fact that FRP bars and strands can be easily cut through (chapter 2.2). 
CS, as well as ECS and SS, are a fully recyclable metals whose scrap can be reconverted 
to comparable or even higher grades (Broadbent, 2016). This thesis accounts for 90% of 
the original steel quantities to be resold at the end of its life, by considering a price for 
recycling prepared scrap CS of 0.18 USD/kg. The total steel quantity recycled is an 
estimated 30,088 USD at EoL. The steel reinforcement price based on weight is presented 
in Table 5. 
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Table 4 – Maintenance and Repair Costs 
 
Maintenance/Repair activities cost 
Activity FRP-RC/PC; 
SS-RC/PC 
ECS-RC/PC CS-RC/PC 
Concrete patching USD 21,781 
First time: USD   21,781 
Every other year: USD 61,214 USD       61,214 
CP1 + bulkhead 
reinforcement 
replacement - USD    418,340 USD     418,340 
CP2 - USD    274,538 USD     274,538 
CP3 - USD    274,538 USD     274,538 
CP1 removal and re-
installation + bulkhead 
reinforcement 
replacement - USD    454,340 USD     454,340 
CP2 removal and re-
installation  USD    310,538 USD     310,538 
Demolition USD 573,352 USD    573,352 USD     573,352 
Reconstruction - USD 5,739,842 USD  5,514,278 
Recycling USD 167,633 USD    197,721 USD     197,721 
Maintenance/Repair activities cost breakdown by year (discount rate assumed 1%) 
Year FRP-RC/PC;  
SS-RC/PC 
ECS-RC/PC CS-RC/PC 
11 USD 19,523 USD      19,523 USD      54,867 
21 USD 17,674 USD      49,671 USD      49,671 
31 USD 16,000 USD      44,966 USD    307,303 
41 USD 14,485 USD      40,707 USD    182,569 
45 - USD    267,342 - 
51 USD 13,113 - USD    165,277 
55 - USD    158,828 USD    160,416 
56 - - USD    260,246 
61 USD 11,871  USD      33,361 
65 - USD    143,785 USD    145,223 
66 - - USD    161,029 
70 - USD    208,465 - 
71 USD 10,746 - USD      30,504 
75 - USD 1,178,986  USD 1,143,337 
76 - (USD    93,745) (USD     93,745) 
81 USD 9,729 - - 
86 - USD       9,256 USD     26,014 
91 USD 8,807 -  
96 - USD     23,550 USD     23,550 
100 USD 211,975 - - 
101 (USD 61,976) (USD 135,075) - 
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Table 5 – Steel Recycling Price 
Steel recycling at EOL  
Price per kg    $              0.18  
Total CIP elements    kg 124,992  
Total Sheet Piles    kg   45,586  
Total Girders    kg     4,368 
Total Bearing Piles    kg   14,606 
Total steel (-10% rate waste)    kg 170,597  
Price of recycled steel    $     30,088 
 
FRP has complex characteristics that make it a challenging material to be recycled, 
with research still in progress to address this issue (Dehghan et al., 2017; Correia et al., 
2011; Yazdanbakhsh and Bank, 2014). Additionally, no actual pricing for re-use of FRP 
materials is available to the author’ knowledge. For these reasons, landfill disposal was 
considered for FRP reinforcement at EoL. 
Concrete is estimated to be recycled into roadbeds or RCA (recycled concrete 
aggregate) Table 6 summarizes concrete recycling price based on weight. For both steel 
and concrete, the total price accounts for a 10% rate of material that is wasted during the 
process because of geometry constraints, transportation process or unexpected 
occurrences. 
Table 6 – Concrete Recycling Price 
Concrete recycling at EOL  
Price per kg $                 0.06  
Total CIP elements kg 1,487,257  
Total Sheet Piles kg    935,362 
Total Girders kg    334,343 
Total Bearing Piles kg    315,238 
Total concrete (-10% rate waste) kg 2,764,979 
Price of recycled concrete $      167,633 
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Similarly to CS, 90% of the concrete is assumed to be resold, and the estimated return 
is 167,633 USD at EoL. 
Net Present Value  
As detailed in ISO 15686-5 (ISO 15686-5, 2008), the Net Present Value (NPV) is the 
sum of all partial costs incurred over the entire life cycle, considering the time value of 
money, which is calculated in equation (4). 
𝑁𝑃𝑉 =  ∑
𝐶𝑛
(1 + 𝑟)𝑛
𝑁
𝑛=0
                     (4) 
In (3) 𝐶𝑛 is the sum of all cost incurred at a year n; N is the number of periods in the 
study period; and r is the discount rate. The discount rate is a sensitive factor in the 
calculation of NPV, as it reflects the value of money over time (Haghani and Yang, 2016). 
In this thesis, a discount rate of 1% was assumed. The selected value is conservatively 
higher (67%) with respect to the value recommended by the White House Office of 
Management and Budget (OMB) in circular A-94 (revised November 2017) (Office of 
Management and Budget, 2017) for long-term federal investments (≥30 years). Typical 
commercial discount rate values for long-term investments range between 1% and 8% 
(Mistry et al., 2016), even though many scholars including Stern (Stern, 2008) and 
Dasgupta (Dasgupta, 2007) prescribed a rate close to or equal to zero. The Society of 
Environmental Toxicology and Chemistry (SETAC) recommends a 0.01 % discount rate 
for long-term investments (Mistry et al., 2016). On the other side, in the literature, discount 
rate values ranging from 3% to 5% are typically used on transportation projects. The 
present work considers a public works discount rate of 1%, as suggested by Sokri (Sokri, 
2015) and in line with the real discount rate value suggested by the recent White House 
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OMB Circular A-94 (revised November 2017) (Office of Management and Budget, 2017). 
However, given the influence of the discount rate value over the LCC analysis, a sensitivity 
analysis is performed for a broad range of values (0%–10%). 
Results and Discussion 
Figure 18 shows the cumulative LCC analysis of the four design alternatives with a 
spectrum of corrosion-resistant reinforcing materials.  
 
Figure 18 - LCC results considering the baseline scenario where discount rate is 1% 
As shown in Figure 18 and detailed in Table 7, the NPV of the ECS-RC/PC is only 
0.75% lower than that the CS-RC/PC alternative, indicating a limited high cost 
performance of the former in the long term. Likewise, the SS-RC/PC solution has an NPV 
which is 10.37% lower than the NPV of the CS-RC/PC alternative, and 9.60% lower than 
the NPV of the ECS-RC/PC alternative. The FRP-RC/PC solution revealed to be the most 
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cost-effective solution, with an NPV that is approximately 20% lower than that of the CS-
RC/PC counterpart. Additionally, the FRP-RC/PC solution has approximately an NPV 
which is 19.30% and 14.92% lower than the ECS-RC/PC and the SS-RC/PC solutions, 
respectively.  Despite the lower preliminary costs associated with the CS-RC/PC and the 
ECS-RC/PC, the two most effective corrosion-resistant designs (FRP-RC/PC and SS-
RC/PC alternatives) revealed long-term cost savings as they resulted in longer service lives 
and lower repair costs throughout the analysis period. 
Table 7 – LCC results 
RESULTS  
 CS-RC/PC 
BRIDGE 
FRP-RC/PC 
BRIDGE 
ECS-RC/PC 
BRIDGE 
SS-RC/PC 
BRIDGE 
NPV USD 7,858,262 USD 6,287,592 USD 7,791,177 USD 7,043,293 
Net Savings  USD 1,570,670 USD      67,085 USD    814,969 
Annual Savings  USD      15,707 USD           670 USD        8,149 
 
FRP-RC/PC revealed to be the optimal solution, with a lower initial investment 
compared to the SS-RC/PC solution, and a lower NPV in the long term. However, as the 
market for SS rebars enlarges, and the material becomes more economical and competitive, 
the SS-RC/PC solution could be an optimal alternative, allowing for the traditional design 
of RC members, along with all the positive and peculiar aspects of behavior of CS-RC/PC 
members (in terms of mechanical properties as well as intrinsic recyclability properties). 
Additionally, a cost breakdown analysis, based on the selected discount rate (1%), 
is presented in Figure 19. The construction costs are subdivided into two categories. The 
construction cost that are dependent of the selection of reinforcement, and the construction 
costs that are independent of the reinforcing material selected. Despite the lower material-
62 
 
 
 
dependent construction costs of the CS-RC/PC and the ECS-RC/PC design alternatives, 
the material-independent construction costs are the same for the four alternatives. The latter 
includes all the costs that are independent from the selection of the reinforcement material, 
such as: operating expenses; mobilization of equipment and materials; maintenance of 
traffic devices; temporary barrier walls; quality assurance and quality control; survey 
activities; bridge temporary works; rip-rap installation; concrete slope pavements; 
grooving and grinding activities; erosion control; utilities; drainage systems; excavations; 
embankments; asphalt and concrete flatworks; guardrails installation; signage; and 
pavement marking, all necessary to complete the bridge. 
 
 
Figure 19 - Breakdown of Life-Cycle Cost for each alternative (discount rate 1%) 
Finally, Figure 19 shows the cost impacts of maintenance, demolition and 
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reconstruction activities of the four design alternatives. The demolition cost of the SS-
RC/PC is slightly lower than the FRP-RC/PC. This is because the recycling of SS at EoL 
is considered. For the CS-RC/PC and ECS-RC/PC alternatives the demolition and 
reconstruction activities are combined, as they take place contemporary at year 75 (bridge 
replacement). 
Sensitivity Analysis and Uncertainty of Critical Aspects 
Since the NPV is affected by the value of the discount rate, a sensitivity analysis is 
performed and shown in Figure 20, to determine the best solution for each discount rate.  
 
Figure 20 - Sensitivity analysis of LCC results to the discount rate 
The change in the discount rate has minimal effect on the overall NPV of the FRP-
RC/PC or SS-RC/PC alternatives, given the low-maintenance costs over time of these two 
corrosion-resistant solutions. Conversely, the change in discount rate highly affects the CS-
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RC/PC and the ECS-RC/PC alternatives, which experience relevant maintenance 
operations over time, and a reconstruction cost. The breakeven point for the FRP-RC/PC 
cost-effective solution occurs at a discount rate of 4.0% when compared to the CS-RC/PC 
alternative, and at a discount rate of 4.2% when compared to the ECS-RC/PC alternative. 
As expected, the FRP-RC/PC solution never intersect the SS-RC/PC curve, to indicate that 
the solutions are only affected by the initial investment of construction. The breakeven 
point for the SS-RC/PC cost-effective solution occurs at a discount rate of 2.0% when 
compared to both the CS-RC/PC and the ECS-RC/PC alternatives. Similarly, the 
breakeven point of the CS-RC/PC alternative occurs at a discount rate 2.0% when 
compared to the ECS-RC/PC design. In a scenario where the discount rate is higher than 
4.0%, the FRP-RC/PC solution is no more cost-effective. Similarly, in a scenario where 
the discount rate is higher than 2.0%, the SS-RC/PC solution is no more cost-effective.  
Furthermore, in selecting the most effective solution, some additional aspects of 
uncertainty need to be introduced. For example, the probability that one reinforcement 
alternative is less costly than another (Eamon et al., 2012), or moreover the changes of 
chloride concentration over time (Xie et al., 2018a; Xie et al., 2018b). With regards to the 
reinforcement cost variance over the life-cycle of the bridge, the author selected a price 
variance range that goes from minus (-)18% to plus (+)18%. This is based on the price 
fluctuation of steel during the past 10 years (Figure 21), for which the author calculated a 
coefficient of variation of 18% (Figure 21). For this reason, the sensitivity analysis 
accounts for a price variation of reinforcement that goes from plus or minus (+)18%, for 
each design alternative. As shown in Table 8, and illustrated in Figure 22, the identified 
range allows for overlaps at the boundary zones.  
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Figure 21 - US Midwest Domestic Hot-Rolled Coil Steel Monthly Price (2009-2019) 
These boundary zones represent specific scenarios that may influence the final design 
selection. In the extreme scenario, where the FRP price increases 18%, and the SS price 
decreases 18%, the SS-RC/PC is the most viable solution. Similarly, if the price of SS 
rebars increases 18% and the price of CS and ECS rebars decreases 18%, the SS-RC/PC is 
no more a cost-effective solution. However, any FRP price increment over a CS price 
decrement, or ECS price decrement would not be sufficient for justifying selection of 
traditional CS reinforcement rather than SS or FRP corrosion-resistant reinforcement. 
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Table 8 – Sensitivity Analysis: Cost Variance of Reinforcement 
SENSITIVITY ANALYSIS - COST VARIANCE OF REINFORCEMENT 
VARIANCE 
CS-RC/PC 
BRIDGE 
FRP-RC/PC 
BRIDGE  
ECS-RC/PC 
BRIDGE 
SS-RC/PC 
BRIDGE 
-18% USD 7,611,362 USD 5,951,446 USD 7,503,676 USD 6,569,119 
-15% USD 7,652,346 USD 6,007,470 USD 7,551,426 USD 6,648,148 
-12% USD 7,693,529 USD 6,063,495 USD 7,599,376 USD 6,727,177 
-9% USD 7,734,712 USD 6,119,519 USD 7,647,326 USD 6,806,206 
-6% USD 7,775,896 USD 6,175,543 USD 7,695,277 USD 6,885,235 
-3% USD 7,817,079 USD 6,231,568 USD 7,743,227 USD 6,964,264 
0% USD 7,858,262 USD 6,287,592 USD 7,791,177 USD 7,043,293 
3% USD 7,899,446 USD 6,343,616 USD 7,839,127 USD 7,122,322 
6% USD 7,940,629 USD 6,399,641 USD 7,887,078 USD 7,201,351 
9% USD 7,981,812 USD 6,455,665 USD 7,935,028 USD 7,280,380 
12% USD 8,022,996 USD 6,511,689 USD 7,982,978 USD 7,359,409 
15% USD 8,064,179 USD 6,567,714 USD 8,030,928 USD 7,438,438 
18% USD 8,105,162 USD 6,623,738 USD 8,078,678 USD 7,517,467 
Standard 
Deviation 
USD 148,461 USD 201,999 USD 172,859 USD 284,943 
Coefficient 
of Variation 
1.88% 3.20% 2.21% 4.02% 
 
 
Figure 22 - Sensitivity analysis of LCC results to the Cost of Reinforcement 
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Additionally, climate change likely contributes to changes in LCC scenarios, too. 
Xie et al., 2018a, with the use of a reliability-based method, evaluated the influence of 
climate change on the durability of offshore RC bridges considering the acceleration of 
chloride ion penetration caused by temperature rise (Xie et al., 2018a). Xie et al., 2018a 
estimated a 6% to 15% increase in chloride concentration over 100 years. Adopting the 
same methodology and the same variation range found by Xie et al., 2018a, a chloride 
concentration variance over time (at depth 76 mm) is presented in Figure 13 for the CS-
RC/PC alternative and the ECS-RC/PC.  
For the CS-RC/PC and the ECS-RC/PC alternatives, the 6% and 15% increments 
of chloride concentration over time translates into approximately 6 and 12 months 
shortening of anticipated maintenance intervals for every maintenance action. In fact, the 
chloride concentration threshold (1.17 kg/m3) is reached at year 11.5 and year 11 for 
increments of 6% and 15%, respectively. In this way, the climate change only affects the 
timing of intervention. The type of maintenance (amount of material, amount of 
reinforcement and type of interventions) remains the same.  The maintenance activities are 
only anticipated in years. This fact would have an impact on the preventive maintenance 
schedule only, affecting thus the costs by means of the discount rate. 
As expected, the NPV of the CS-RC/PC alternative is more sensitive to a 
maintenance schedule change, rather than the ECS-RC/PC solution. This is because the 
ECS-RC/PC solution requires essential maintenance interventions later in time, when the 
discount rate has less impact on the LCC. On the other hand, FRP-RC/PC and SS-RC/PC 
alternatives are not influenced by increment of salient chloride concentrations for values 
up to 15%. In the case of SS-RC/PC, the upper bound of chloride concentration at year 100 
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for the increment rate of 15% is still within the acceptable limits for avoiding pitting 
corrosion. Table 9 and Figure 23 show the LCC results over changes in chloride 
concentrations. 
Table 9 – Sensitivity Analysis: Chloride Concentration 
SENSITIVITY ANALYSIS - CHLORIDE CONCENTRATION 
VARIABILITY 
CS-RC/PC 
BRIDGE 
FRP-RC/PC 
BRIDGE  
ECS-RC/PC 
BRIDGE 
SS-RC/PC 
BRIDGE 
0%  USD        7,858,262  
 USD   6,287,592  
 USD            
7,791,177  
 USD    7,043,293  6%  USD        7,869,924  USD          7,801,383  
15%  USD        7,881,939   USD          7,811,898  
Cost Range  USD             11,662   -   USD               10,206   -  
Standard 
Deviation 
 USD             11,839   -   USD               10,361   -  
Coefficient of 
Variation 
                      0.15%                           0.13%   
 
 
Figure 23 - Variation of Chloride Concentration over time at depth 76.2 mm for CS-
RC/PC and ECS-RC/PC 
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Finally, the selection of service life deeply affects the LCC results of the four 
alternatives. For this reason, a sensitivity analysis was conducted on changes of service 
life. The service life of both CS-RC/PC and ECS-RC/PC alternatives was reduced to 70 
years and 65 years, respectively, as shown in Figure 24. Similarly, the service life of both 
SS-RC/PC and FRP-RC/PC alternatives was reduced to 90 years and 80 years, 
respectively, as shown in Figure 25. 
    
 
Figure 24 - Variations of service life for the CS-RC/PC and the ECS-RC/PC alternatives 
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Figure 25 - Variations of service life for the SS-RC/PC and the FRP-RC/PC alternatives 
Since the service life of the FRP-RC/PC and the SS-RC/PC design solutions 
represents the Functional Unit (FU) for the comparative study, in changing their service 
life, also the FU changes accordingly. Three scenarios were identified: 
1. FU equals to 100 years: where the results of the three respective service life (75, 
70, and 65 years) of both CS-RC/PC and ECS-RC/PC alternatives were compared 
over the results of SS-RC/PC and FRP-RC/PC alternatives at 100 years (Table 10). 
2. FU equals to 90 years: where the results of the three respective service life of both 
CS-RC/PC and ECS-RC/PC alternatives were compared over the results of SS-
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RC/PC and FRP-RC/PC alternatives at 90 years (Table 11). 
3. FU equals to 80 years: where the results of the three respective service life of both 
CS-RC/PC and ECS-RC/PC alternatives were compared over the results of SS-
RC/PC and FRP-RC/PC alternatives at 80 years (Table 12). 
In the analysis, the reconstruction costs are accounted for the CS-RC/PC and ECS-
RC/PC alternatives by a reconstruction ratio (expressed in percentage) that represents the 
residual second life of the CS-RC/PC and ECS-RC/PC alternatives over their respective 
first life, in order to have them reach the FU service life for a consistent comparison of the 
four different design alternatives. The sensitivity results account for the variation of such 
reconstruction ratio as a result of changes in the assessment of comparative service life. 
Additionally, in Table 10, Table 11, and Table 12, the cost increase ratio refers to the cost 
increase percentage of each alternative over the most cost-effective alternative, which is 
the FRP-RC/PC alternative for all identified scenarios. 
Table 10 – Sensitivity analysis of LCC results to the service life selection – FU equals to 
100 years 
Functional Unit: 100 years 
Alternative Service life Total NPV Cost increase (%) Reconstruction ratio 
FRP-RC/PC-100 100 $         6,287,592.00 - - 
SS-RC/PC-100 100 $         7,043,292.83 +12.0% - 
CS-RC/PC-75 75 $         7,858,262.00 +25.0% 33.3% 
ECS-RC/PC-75 75 $         7,791,177.08 +23.9% 33.3% 
CS-RC/PC-70 70 $         8,165,021.17 +29.9% 42.9% 
ECS-RC/PC-70 70 $         7,917,011.91 +25.9% 42.9% 
CS-RC/PC-65 65 $         8,535,195.03 +35.7% 38.5% 
ECS-RC/PC-65 65 $         8,196,211.57 +30.4% 38.5% 
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Table 11- Sensitivity analysis of LCC results to the service life selection – FU equals to 
90 years 
 
Table 12 - Sensitivity analysis of LCC results to the service life selection – FU equals to 
80 years 
 
As shown in Table 10, Table 11, and Table 12, the FRP-RC/PC alternative revealed 
to be the most cost-effective solution despite the selected variations of service life 
alternatives. However, the same is not true for the SS-RC/PC alternative, for which a 
reduction of service life to 80 years, makes it equitable with the CS-RC/PC and the ECS-
RC/PC alternatives (designed for 75 years), the latter of which becomes more cost-
appealing. 
Functional Unit: 90 years 
Alternative Service life Total NPV Cost increase (%) Reconstruction ratio 
FRP-RC/PC-90 90 $         6,294,478.00 - - 
SS-RC/PC-90 90 $         7,049,015.02 +12.0% - 
CS-RC/PC-75 75 $         7,486,114.37 +18.9% 20.0% 
ECS-RC/PC-75 75 $         7,404,769.67 +17.6% 20.0% 
CS-RC/PC-70 70 $         7,743,675.55 +23.0% 28.6% 
ECS-RC/PC-70 70 $         7,483,530.79 +18.9% 28.6% 
CS-RC/PC-65 65 $         7,929,784.49 +26.0% 53.8% 
ECS-RC/PC-65 65 $         7,710,014.80 +22.5% 53.8% 
Functional Unit: 80 years 
Alternative Service life Total NPV Cost increase (%) Reconstruction ratio 
FRP-RC/PC-80 80 $         6,302,084.42 - - 
SS-RC/PC-80 80 $         7,055,335.87 +12.0% - 
CS-RC/PC-75 75 $         7,111,589.72 +12.8% 6.7% 
ECS-RC/PC-75 75 $         7,032,746.79 +11.6% 6.7% 
CS-RC/PC-70 70 $         7,320,017.90 +16.2% 14.3% 
ECS-RC/PC-70 70 $         7,065,358.65 +12.1% 14.3% 
CS-RC/PC-65 65 $         7,459,593.63 +18.4% 23.1% 
ECS-RC/PC-65 65 $         7,221,654.75 +14.6% 23.1% 
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Figure 26 shows the sensitivity analysis of the LCC results with regards to changes 
in service life of the corrosive alternatives, by maintaining the FU equal to 100 years. 
Figure 26 shows the LCC breakdown, which itemizes the LCC of the four alternatives into 
their various components. The results obtained in Figure 26 (and respective Table 10) show 
the impact due to variations of maintenance and reconstruction costs over corresponding 
variations of service life. Similarly, Figure 27 and Figure 28 show the sensitivity analysis 
results for FU selections of 90 years and 80 years, respectively. All results are based on the 
selected discount rate of 1%. 
 
Figure 26 - Sensitivity analysis of LCC results to the service life selection with cost 
breakdown for each alternative – FU equals to 100 years 
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Figure 27 - Sensitivity analysis of LCC results to the service life selection with cost 
breakdown for each alternative – FU equals to 90 years 
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Figure 28 - Sensitivity analysis of LCC results to the service life selection with cost 
breakdown for each alternative – FU equals to 80 years 
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Chapter 4 
LCA 
So do all who live to see such times.  
But that is not for them to decide.  
All we have to decide is what to do with the time that is given us. 
- J.R.R. Tolkien (1892-1973)  
Problem Statement - Global Warming and Sea Level Rise 
Currently, many States around the globe, such as areas in South Florida, are racing 
against time to keep up with sea-level rise. Global sea-level is rising and may accelerate 
with continued fossil fuel consumption from industrial growth (Jackson Allen, 2015). Sea-
level rise is a major indicator of ongoing global change, and changes in climate due to 
global warming. In the twentieth century, sea-level has been rising at rates up to 2.36 in 
(0.06 m) per decade (Gehrels, 2009). The geological record of the past three glacial-
interglacial cycles shows a strong positive relationship between atmospheric 
CO2 concentrations and sea level. Modern rates of sea-level rise started about 100 years 
ago, and the rate of twentieth century sea-level rise appears to be faster than rates 
reconstructed for the warm intervals of the Medieval Climatic Optimum and the middle 
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Holocene (Gehrels, 2009).  The construction sector has a lot to do with it. In fact, the 
extraction of natural resources as building materials, their manufacturing processes and 
installation methods, are overall processes that consume energy, cause environmental 
degradation and contribute to a significant percentage of the overall global warming 
(Sagheb et al., 2011). Additionally, global warming is increasing the rate of chloride 
ingress and the rate of corrosion of many steel reinforced concrete structures (Gehrels, 
2009). Urgent changes related to energy saving, emissions control, production and 
application of materials are therefore required. The deployment of alternative materials and 
renewable resources are of immediate and necessary attention in the construction world. 
To mitigate such threat, it is important to investigate the environmental credentials and the 
impacts from the use of composite materials, as material of construction in bridges. A full 
LCA study has been conducted on HRB and it is shown in this dissertation, with the future 
goal of strengthening the results and deepening the FRP impacts on environment. 
Goal and Scope 
In compliance with ISO standards, it is mandatory to define goal and scope of an 
LCA (ISO 14040:2006; ISO 14044:2006; ISO 15686:2006). In the present work, the LCA 
of the Halls River Bridge is performed to assess the level of environmental sustainability 
of a transportation infrastructure built only with non-corrosive FRP reinforcement. To 
highlight possible benefits associated to the deployment of FRP reinforcement, the 
environmental performance of the FRP-RC/PC design is compared to a traditional CS-
RC/PC, ECS-RC/PC, and SS-RC/PC alternative. The study is performed at the design 
stage. The scenario is from cradle-to-gate and from cradle-to-grave. 
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Functional Unit 
For the purpose of the analysis (i.e., to evaluate the environmental performance of 
an infrastructure reinforced with only FRP), the FRP-RC/PC bridge alternative is chosen 
as Functional Unit (FU) considering its entire service life of 100 years. As previously done 
for the LCC analysis, three alternatives: CS-RC/PC; EPC-RC/PC, and SS-RC/PC designs 
are considered for comparison. For consistency, it is necessary to adopt the same functional 
unit also for the three alternatives considering a reference period of 100 year, as previously 
done for the LCC analysis.  
LCA Methods 
The LCA analysis uses the same framework, model considerations, design 
solutions and assumptions discussed for the LCC analysis (chapter 3). The LCA is 
performed in compliance with the international standards ISO 14040:2006 (ISO 
14040:2006), ISO 14044:2006 (ISO 14044:2006), and ISO 15686-5 (ISO 15686:2006). 
The software adopted for LCA is SIMAPRO (version 8.5.2.0, 2018).  
The impact assessment method chosen to perform the Life Cycle Impact 
Assessment (LCIA) is based on the software Tool for the Reduction and Assessment of 
Chemical and other environmental Impacts (TRACI, version 2.1, 2012) as suggested by 
ISO 21930:2017. TRACI is a midpoint oriented LCIA methodology developed by the U.S. 
Environmental Protection Agency (EPA) specifically for applications within the US. ISO 
21930:2017 provides a list of mandatory impact categories to be considered when assessing 
environmental sustainability of construction products. These include:  
• Global Warming Potential (GWP), related to the emission of greenhouse 
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gases in the atmosphere. The characterization model as developed by the 
Intergovernmental Panel on Climate Change (IPCC) is selected for 
development of characterization factors. Factors are expressed as GWP for 
time horizon of 100 years (GWP100), in kg of carbon dioxide per kg of 
emission. 
• Ozone Depletion Potential (ODP), related to the fraction of UV-B radiation 
that reaches the earth surface. The radiation can have harmful effects upon 
human health, animal health, terrestrial and aquatic ecosystems, 
biochemical cycles and materials. The characterization model was 
developed by the World Meteorological Organization (WMO) and defines 
ODP of different gasses, expressed as kg CFC-11 per kg of emission. 
• Eutrophication Potential (EP), related to the impacts caused by emissions 
of nutrients to air, water and soil. EP is expressed as kg PO4
3- equivalents 
per kg of emission. 
• Acidification Potential (AP), related to the impacts of acidifying substances 
on soil, groundwater, surface water, organisms, ecosystems and materials 
(e.g. buildings). AP is expressed as kg SO2 equivalents per kg of emission. 
• Photochemical Oxidant Creation Potential (POCP), related to the secondary 
air pollution, caused mainly by the reaction of sunlight with emissions from 
fossil fuel combustion that creates other chemicals. POCP is expressed as 
kg O3 equivalents per kg of emission. 
In this study, only mandated impact categories are discussed. Characterization 
factors are those implemented in the last version of the software TRACI.  
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Although TRACI is substantially a midpoint method, normalization factors for 
USA and Canada are available (Ryberg et al., 2014); then, in order to highlight the 
relevance of different impact categories, normalized results will be also included. In this 
way, comparability between the two bridge options is greatly facilitated. 
Data Source and Quality 
The primary sources of data for the LCA analysis are the construction plans and the 
field data collected on site during bridge construction. The inputs are selected to highlight 
the differences between the two design options and ease their comparison. Thus, all the 
structural elements are included. Conversely, secondary items that have minor impact on 
the results of the analyses are not included for clarity. Secondary items include: 
Maintenance-of-Traffic (MOT) devices, temporary barrier walls, surveying activities, rip-
rap, embankment, drainage systems, asphalt, guardrails, signage devices and utilities. 
Bridge elements included in the inventory are reported in Table 13, where amounts and 
materials are specified.  
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Table 13 – Bridge components 
 Components Quantity Materials Description 
P
re
ca
st
 
Bearing piles 575.77 m CFRP-PC Square section 0.46 m x 0.46 m; CFRP strand 
and spirals from japan (Tokyo); piles 
assembled and cast in Jacksonville (Fl). 
Sheet piles 1,395.68 
m 
CFRP-PC / 
GFRP-RC 
Rectangular section 0.30 m x0.76 m; CFRP 
longitudinal strand from japan (Tokyo); GFRP 
transversal reinforcement from Canada; sheet 
piles manufactured in Jacksonville 
 Girders 495.00 m GFRP-RC Nine girders per each span (total of five spans); 
GFRP-RC;  
C
a
st
 i
n
 p
la
ce
 
Bent caps 139.38 m3 GFRP-RC Six bent caps with six piles per bent 
Bulkhead caps 72.66 m3 GFRP-RC  
Deck 998.43 m2 GFRP-RC concrete: class IV 5500 psi 
Additional FRP-RC components 
Traffic railings 149.96 m GFRP-RC    
Approach slab 322.37 m2 GFRP-RC  
Gravity wall 19.51 m GFRP-RC 
 
Recycled asphalt pavement (9.75 m), and 
Recyled concrete aggregate (9.75 m) 
 
 
In Table 14, details are given about materials and components sources, means of 
transports and average distances from supplier to construction site. Secondary data are 
relative to materials productions and means of transport; the source is the database 
Ecoinvent (version 3.4, 2017). The system model adopted in the analysis is the 'allocation, 
recycled content' or 'cut-off' which allocates primary production of materials to the primary 
user. If a material is recycled, the primary producer does not receive credit for providing 
the recyclable material. Therefore, recyclable materials are available burden-free for 
recycling processes and secondary materials bear only the impacts of the recycling 
processes.  
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Table 14 - Transport of bridge components and materials 
Elements Supplier Means of transport Distance/time 
Bearing piles Gate precast 
(Jacksonville, 
Fl) 
▪ CFRP strands and spirals from 
Japan to Port Everglades via sea 
freight 
▪ CFRP strands and spirals from Port 
Everglades to Jacksonville via 
Flatbed 
▪ MACK GR64F with two double 
axle trailers (12.2 m) each (6 piles 
per truck) from Jacksonville to 
HRB 
▪ 11,748 km/1 
month shipping 
▪ 547 km/5-hour 
drive 
 
▪ 241 km/3-hour 
drive 
Sheet piles 
CFRP-PC / GFRP-
RC 
Gate precast 
(Jacksonville, 
Fl) 
▪ CFRP strands from Japan to Port 
Everglades via sea freight 
▪ CFRP strands from Port Everglades 
to Jacksonville via Flatbed 
▪ MACK GR64F with double axle 
trailer (12.2 m) from Jacksonville 
to HRB 
▪ GFRP bars from Canada via 
Flatbed 
▪ 11,748 km/1-
month shipping 
▪ 547 km/5-hour 
drive 
 
▪ 241 km/3-hour 
drive  
 
▪ 2503 km/24-hour 
drive 
Girdersa 
 
 
 
Gate precast 
(Jacksonville, 
Fl),  
Owens 
Cornings 
(Nebraska)  
▪ GFRP bars from Omaha (NE) to 
Jacksonville (FL) with Flatbed  
▪ MACK GR64F with double axle 
trailer (12.2 m) from Jacksonville 
(FL) to HRB  
▪ 2,556 km/24 
hours drive 
 
▪ 241 km/3-hour 
drive 
Bent caps, bulkhead 
caps, deck, 
Traffic railings, 
Approach slabs 
ATPb (Italy), 
Argos 
(Brooksville) 
 
▪ GFRP bars from Napoli (IT) via sea 
freight to Port Everglades (FL) 
▪ Flatbed with double axle trailer 
cronkhite 3300 ewa from Port 
Everglades to HRB 
▪ 8,208 km/1 
month shipping 
▪ 473 km/5-hour 
drive 
Gravity wall ATPb (Italy) 
 
 
▪ GFRP from Napoli (IT) via sea 
freight to Port Everglades (FL) 
▪ Flatbed with double axle trailer 
Cronkhite 3300 EWA from Port 
Everglades to HRB  
▪ RAP from Miami by truck to 
Brooksville 
▪ RCA from Miami by truck to 
Brooksville 
two different trucks in different 
days 
▪ 8,208 km/1 
month shipping 
▪ 473 km/5-hour 
drive 
 
▪ 492 km/5-hour 
drive 
 
Cast in place 
concrete 
Argos 
(Brooksville) 
▪ Concrete for any Cast in place 
component 
▪ CNG-fueled McNeilus mixer built 
on a Kenworth chassis, max 
capacity: 7.3 m3 
▪ 31 km/45 min. 
drive 
a Replacing HCB for this study;  
b GFRP manufacturer; ATP stands for Applications and Technologies for Polymeric composites 
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Results and Discussion 
Table 15 and Table 16 show the absolute environmental impacts of each design 
alternative. Table 15 lists the environmental emissions of each design alternative from 
cradle-to-gate, whereas Table 16 refers to the impacts from cradle-to-grave.  
Table 15 - Environmental impacts: from-cradle-to-gate scenario 
  Cradle-to-Gate Results    
Impact 
category 
Unit of 
Measure 
CS-RC/PC ECS-RC/PC FRP-RC/PC SS-RC/PC 
Ozone depletion kg CFC-11 eq. 0.0844 0.0844 0.5237 0.0886 
Global warming kg CO2 eq. 
1,052,83
9 
1,082,190 1,048,043 1,063,562 
Photochemical 
oxidant creation 
kg O3 eq. 57,960 61,753 66,856 62,543 
Acidification kg SO2 eq. 4,021 4,213 5,172 4,489 
Eutrophication kg N eq. 2,541 2,569 1,706 2,663 
 
Table 16 - Environmental impacts: from-cradle-to-grave scenario 
  
Cradle-to-Grave 
Results 
   
Impact 
category 
Unit of 
Measure 
CS-RC/PC ECS-RC/PC FRP-RC/PC SS-RC/PC 
Ozone depletion kg CFC-11 eq. 0.1253 0.1253 0.5343 0.1007 
Global warming kg CO2 eq. 1,475,687 1,512,690 1,091,039 1,126,547 
Photochemical 
oxidant creation 
kg O3 eq. 83,542 88,559 71,666 68,555 
Acidification kg SO2 eq. 5,682 5,932 5,389 4,786 
Eutrophication kg N eq. 3,510 3,544 1,761 2,749 
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To better visualize the LCA impacts over the service life of the design alternatives, 
Figure 29 and Figure 30 show the results breakdown by years for two of the most relevant 
categories and most commonly known, i.e. global warming and photochemical oxidant 
creation (commonly referred as smog). 
 
Figure 29 – LCIA results: Global Warming 
As shown in Table 16, the FRP-RC/PC alternative outperforms in four out of five 
categories the CS-RC/PC and ECS-RC/PC solutions. The only category where the FRP-
RC/PC solution is not environmentally competitive is the ozone depletion. However, the 
impacts are minimal in terms of order of magnitude (the absolute values are in order of 
decimals), and the reason is strictly correlated to the carbon-fibers outdated database used 
as data input in the software. In particular, the ozone impact of the FRP-RC/PC alternative 
may be not representative of the current state of the practice; indeed, the parameter is 
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mostly affected by the activities related to the production of CFRP strands and an updated 
database is not available to the public.  
 
Figure 30 – LCIA results: Photochemical Oxidant Creation 
The difference is relevant in relative terms, as shown in Figure 31 and Table 17, 
where percentages are computed in each category using the most impactful alternative as 
a reference. Figure 31 and Table 17 show the impact values with regards to the cradle-to-
gate analysis. Similarly, Figure 32 and Table 18 show the impact values with regards to 
the cradle-to-grave analysis. 
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Figure 31 – Cradle-to-gate impact values 
 
 
 
 
Figure 32 – Cradle-to-grave impact values 
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Table 17 – Cradle-to-gate impact values for comparison 
 
FRP-RC/PC CS-RC/PC EC-RC/PC SS-RC/PC 
Ozone depletion 100.0% 16.1% 16.1% 16.9% 
Global warming 96.8% 97.3% 100.0% 98.3% 
Photochemical oxidant 
creation 
100.0% 86.7% 92.4% 93.5% 
Acidification 100.0% 77.7% 81.4% 86.8% 
Eutrophication 64.0% 95.4% 96.5% 100.0% 
 
Table 18 – Cradle-to-grave impact values for comparison  
 
FRP-RC/PC CS-RC/PC EC-RC/PC SS-RC/PC 
Ozone depletion 100.0% 23.5% 23% 19% 
Global warming 72.1% 97.6% 100% 74% 
Photochemical oxidant creation 80.9% 94.3% 100% 77% 
Acidification 90.9% 95.8% 100% 81% 
Eutrophication 49.7% 99.0% 100% 78% 
 
However, to better clarify the relevance of ozone depletion with respect to the other 
impact categories and make comparability between the alternatives more intuitive, Figure 
33 and Figure 34 show the normalized impact values with respect to the four design 
alternatives in a cradle-to-gate and cradle-to-grave scenario, respectively. 
Normalized values clearly show the very low relevance of the ozone depletion 
category with respect to other impacts. Global warming, acidification and photochemical 
oxidant creation have middle relevance, while eutrophication outweighs all the others. In 
the cradle-to-grave scenario the FRP alternative outperforms RC, confirming what has 
been already highlighted by results at the characterization level. 
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Figure 33 - LCIA comparison between the four alternatives, after normalization: cradle-
to-gate scenario 
 
 
 
Figure 34 - LCIA comparison between the four alternatives, after normalization: cradle-
to-grave scenario 
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Similarly, the SS-RC/PC alternative is well performing in three out of five 
categories, making it the first competitor to the FRP-RC/PC solution. However, given the 
great amount of thermal energy needed for the production of stainless-steel rebars and 
strands, this design alternative has a large contribution in terms of global warming. There 
is a net difference of 35,508 kg CO2 eq. between the FRP-RC/PC solution and the SS-
RC/PC alternative, making the former option a very appealing choice. Ultimately, the ECS-
RC/PC is the least environmental-friendly solution. There is not a single category for which 
the ECS-RC/PC is an ideal alternative. This is due to the large contribution of the epoxy 
coated layer needed for the protection of rebars and strands, estimated to be approximately 
2,910 liters for the protection of all the bridge reinforcement. 
Demolition and landfill activities at EoL contribute to a significant proportion of 
both carbon and ozone emissions, as shown in Figure 29 and Figure 30.  On the other hand, 
each maintenance activity has very little impact on the overall life-cycle trend, in particular 
for the FRP-RC/PC and SS-RC/PC solutions. This is due to the fact that maintenance plan 
of FRP and SS materials do not require major operations (such as cathodic protections or 
reinforcement replacement), and, thus, do not require traffic disruptions or traffic 
diversions. Lastly, the reconstruction activities (accounted for one third of the initial 
construction emissions), contribute to a major portion of the life-cycle emissions of the CS-
RC/PC and ECS-RC/PC solutions.  
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Chapter 5 
Conclusions 
For even the very wise cannot see all ends. 
- J.R.R. Tolkien (1892-1973)  
This dissertation is designed to provide decision-makers and contractors with a deeper 
understanding of favorable and unfavorable factors related to the construction of FRP-
RC/PC elements, through a bridge case study. The first component of this study addresses 
the opportunities and challenges related to constructability of FRP-RC/PC structures. 
Through the case study of the Halls River Bridge, this dissertation has identified outcomes 
related to the procurement, testing, constructability, fabrication issues, and construction 
methods of FRP-RC/PC bridge elements that validated both CFRP-PC and GFRP-RC 
technology. The case study revealed that FRP materials may require long lead time. The 
project scheduling should also consider that preordering materials may not be possible for 
federally funded projects. Furthermore, when unforeseen conditions or damage occur, there 
must be sufficient reserve of FRP material available, or there must be provision for 
additional time to supply materials. Generally, pre-approving material suppliers will 
minimize delays while ordering FRP materials. Additionally, the quantity, frequency, and 
responsibilities of sampling and testing for QC, and independent verification should be 
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clearly identified in the contract documents and accounted for when the contractor 
orders FRP material. Regarding pile splicing, no. 10 SS bars were used as dowels. This is 
because there was a lack of responsiveness in the supply chain of #6 CFRP solid bars, and 
a lack of test data for non-prestressed applications of stranded CFRP. On the other hand, 
the SS rebar industry was able to intervene and provide a rapid solution due to synergy 
with the traditional construction practices. However, GFRP Bars (Mehrabi and 
Farhangdoust, 2019) and stranded CFRP dowels are currently undergoing an experimental 
campaign for validation, to be certified and available for future uses in lieu of traditional 
or SS rebar dowels.  
As for the installation of sheet piles, the trenching method was utilized as the last resort 
after trying other methods. Even though the trenching method was the only means by which 
it was possible to install the sheet piles to the design tip elevation, the method revealed to 
be expensive, and the resulting lateral resistance may be difficult to quantify, especially in 
non-granular soils. Ultimately, this first study demonstrates the on-site improved 
productivity implications of GFRP-RC elements through direct monitoring of GFRP 
reinforcement installed per man-hour. Based on such results, this dissertation may help 
contractors in estimating in advance the productivity of FRP elements, while bidding on 
FRP projects. In doing so, future contractors can maximize crew efficiency and, ultimately, 
profits. 
In the second study, the case study was used to validate the proposed innovative model 
and compare three corrosion-resistant alternatives to a traditional CS-RC/PC solution. The 
second study revealed that despite its relatively low material cost, the ECS is not a cost-
effective corrosion-resistant solution. As the protective coating layer is damaged or 
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exhibits imperfections, the CS surface is at risk of corrosion and the reinforced structure 
can rapidly loose its functionality. Thus, for long-term applications in aggressive 
environments, the use of ECS is not recommended. Generally, the cost of CS rebars and 
strands is lower with respect to FRP, SS, and ECS rebars and strands. For this reason, the 
initial construction cost of the CS-RC/PC alternative is 3.93% lower than the ECS-RC/PC 
alternative, 8.33% lower than the FRP-RC/PC alternative, and 18.70% lower than the SS-
RC/PC alternative. On the other hand, the FRP-RC/PC and SS-RC/PC alternatives show 
economic benefits over the long term. The net savings associated to the two alternatives 
are respectively 1,570,670 USD and 814,969 USD, respectively for this example. 
Conversely, the ECS-RC/PC alternative shows only 67,085 USD of net savings, which is 
only 0.85% of the initial investment. However, results are sensitive to the selection of the 
discount rate. For this reason, a sensitivity analysis was performed. The FRP-RC/PC 
alternative shows no economic advantage at discount rates higher than 4%. Similarly, the 
ECS-RC/PC and SS-RC/PC alternatives are not cost-effective when the discount rate is 
higher than 2%. Results are also slightly sensitive to some parameters of uncertainty, such 
as the reinforcement costs, climate change scenarios, and variations of service life. With 
regards to changes in reinforcement costs in the range of plus or minus (+)18%, the FRP-
RC/PC solution is always the most cost-effective solution when compared to CS-RC/PC 
and ECS-RC/PC alternatives. However, the SS-RC/PC may become the viable solution if 
cost of the SS rebars and strands reduces 18%, and cost of the FRP rebars and strands 
increases 18% from assumed unit rates. With regards to variations in service life of the four 
design alternatives, three scenarios were individuated. In reducing service life and thus 
functional unit of the non-corrosive alternatives (from 100 years to 90 and 80 years, 
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respectively), the FRP-RC/PC solution revealed to be the most-cost effective alternative in 
all cases. Reductions of CS-RC/PC and ECS-RC/PC service life generally increase their 
respective NPV at 100 years, because of the higher impact that reconstruction activities 
have on the overall LCC. The SS-RC/PC alternative was found to be more cost-effective 
than CS-RC/PC and ECS-RC/PC alternatives as long as its service life is greater than 80 
years. The breakeven point for the SS-RC/PC alternative occurs at a service life of 80 years 
when compared to the CS-RC/PC and ECS-RC/PC alternatives at a service life of 75 years.  
The third study tackles the environmental credentials related to the case study. The 
FRP-RC/PC and SS-RC/PC alternatives show environmental benefits, especially over the 
long term. The SS-RC/PC alternative outperforms in all the impact categories (namely 
global warming, photochemical oxidant creation, ozone depletion, acidification, and 
eutrophication) the CS-RC/PC and ECS-RC/PC alternatives. Additionally, the SS-RC/PC 
solution is performing slightly better than the FRP-RC/PC solution in three out of five 
categories. However, a substantial net difference between the SS-RC/PC and the FRP-
RC/PC alternative in terms of global warming emissions, makes the latter solution more 
environmental appealing. The construction, maintenance, repair, and EOL activities for the 
four design alternatives feature an impact on the ozone depletion factor that is 7 order of 
magnitudes less with respect to their impact on global warming, and at least 4 order of 
magnitude less with respect to their impact on other categories. Thus, the impact of 
construction, maintenance, repair, and EOL activities on ozone depletion is negligible with 
respect to other categories that are more affected. The impact of the FRP-RC/PC design on 
ozone depletion is roughly four time the impact of the CS-RC/PC alternative in terms of 
relative magnitude. However, the impact is negligible is terms of absolute magnitude. This 
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is evident by comparing normalized impacts, where the relevance of ozone depletion 
category appears absolutely negligible with respect to other categories. Finally, the 
environmental impacts of the CS-RC/PC and ECS-RC/PC alternatives are higher with 
respect to the FRP-RC/PC design in four out of five impact categories in the cradle-to-
grave scenario, namely global warming, photochemical oxidant creation, acidification, 
eutrophication. The shorter service life of the CS-RC/PC and ECS-RC/PC alternatives is a 
relevant factor in determining their lower performance. This is clearly demonstrated by 
comparing all four alternatives at the cradle-to-gate scenario.
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Picture for the 2017 Year in Construction. 
Additionally, the innovative work presented in this dissertation was awarded:  
(a) The 3 Minute Thesis (3MT) winner of the College of Engineering (COE) at the 
University of Miami. 
(b) The 3 Minute Thesis (3MT) Audience Award and Runner-up winner of Graduate 
School at the University of Miami. 
(c) The 2nd Place Award of the Educator and Student Participation Program at the 
2019 International Highway Engineering Exchange Program (IHEEP). 
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Future work 
The findings from the second study and the third study are based on a life-cycle model, 
durability assumptions, and data that are specific to the case of the Halls River Bridge.  
Future studies are necessary to determine the cost benefits of other configurations and add 
more data to the archival literature with regards to the economic and environmental 
implications of innovative and alternative materials used for reinforced and prestressed 
concrete structures. With regards to the life-cycle cost analysis, further investigations are 
necessary to provide the industry with a tool universally valid for any FRP-RC/PC 
structure. With regards to the environmental analysis, there is a need of understanding the 
accurate impacts of the FRP-RC/PC design on ozone depletion. In fact, the results shown 
with regards to the ozone depletion may be misleading, due to the lack of an updated carbon 
fibers database available to the public. Further research is necessary to collect more data in 
merit the environmental impacts of CFCC production. This research will have broader 
impacts in the industry stressing the awareness of the importance of the durability 
assessment of the FRP-RC/PC technology. Ultimately, the field-proof of the technology 
and the life cycle considerations and related findings will help designers and constructors 
towards a more efficient design of FRP-RC/PC structures. 
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Appendix 
Structural elements significance 
In addition to the innovative structural elements described in this dissertation, HRB 
also includes a series of other innovative structural elements, herein described. 
GFRP-RC Pile Bent Caps 
HRB comprises 6 GFRP-RC cast-in-place pile bent caps of rectangular cross section 
having a width of 1.22 m and a depth of 0.91 m (Figure 35). Each bent cap is under-
reinforced with failure controlled by FRP rupture (Rossini et al., 2018b). Design is 
governed by service considerations, as typical for the case of GFRP-RC. Since the 
provisions for this type of element are particularly conservative, new provisions have been 
proposed for the next generation of design guidelines. 
                                            
(a)                                 (b)                                    (c)                           (d)                                                                                                              
 
Figure 35 – GFRP-RC bent caps
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The design of the bent cap of the HRB according to ACI 440.1R (ACI, 2015) and the 
first edition of the AASHTO BDGS-GFRP (AASHTO, 2009) is discussed by Rossini et al. 
(2018c) and requires 16 M25 GFRP bars to resist a factored moment of 575 kN-m. This 
corresponds to an area of reinforcement 2.7 times the area of steel reinforcement required 
for an equivalent member. According to the provisions of the second edition of the 
AASHTO BDGS-GFRP (AASHTO, 2018b), the bent cap design requires 9 M25 GFRP 
bars (Figure 35a). This corresponds to a reduction of 40% with respect to the first edition. 
During construction activities, each bent cap section (Figure 35b) was cast with 
approximately 8.4 m3 of concrete each. While vibrating the concrete (Figure 35c) and 
generally for each GFRP-RC element, the use of a special rubber-tipped vibrator (Figure 
35d) has revealed fundamental in order to protect the epoxy coated rebars and have a denser 
concrete with less voids to patch. As for every other RC-GFRP element, the GFRP bar 
cages are tied using plastic zip ties, to preserve the non-corrosive nature of the technology, 
and easily moved and placed with the help of a 6-ton tilt deck double axel trailer and a 230-
ton crawler crane. 
HCB Beams 
These HCBs consist of an exterior FRP shell and lid that is sealed, to provide the first 
layer of protection. The composite shell is intended to enhance durability of the RC 
structural core (Aboelseoud & Myers, 2016).  
The tension forces in the girders are primarily resisted by 1.3 cm diameter, low-
relaxation strands that are galvanized, so to provide at least a thin second line of corrosion 
defense. Corrosion of the galvanized steel connectors in a more aggressive environment is 
an unaddressed concern. However, such tension strands are located at the bottom of the 
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(a) 
 
(b) 
FRP shell and are not exposed to either water or oxygen, which needs to be present for 
corrosion to initiate. A concrete arch within the FRP shell resists the compression forces in 
the beam.  This arch contains a galvanized strand that is embedded in self-consolidating 
concrete with a minimum compressive strength of 41 MPa. Shear connectors were made 
of carbon-steel and are embedded into the concrete arch on one end and extend up into the 
concrete deck, in order to resist the horizontal shear force. In order to increase the corrosion 
resistance of these steel shear connectors, the reinforcing was zinc-coated and utilizes a 
minimum cover of 9.5 cm. Figure 36a illustrates the girders exterior FRP shell with the 
low-relaxation galvanized steel tension strands, and Figure 36b shows the complete 
product on-site set on the bent caps. 
 
  
  
Figure 36 - Hybrid composite breams (HCB) steel tension strands (a), and girders 
installed on-site (b) 
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GFRP-RC Deck 
The GFRP-RC deck is designed according to the first edition of AASHTO BDGS-
GFRP (AASHTO, 2009). Even though decks in Tampa Bay area are not exposed to deicing 
agents, neither in direct contact with saltwater, except during extreme weather and climate 
events, deck design implemented GFRP solution as a matter of consistency with the rest of 
design and ease of construction. Deck reinforcement (Figure 37a) comprises a total of 
6,865 m GFRP bars M13, 3,475 m GFRP bars M16, 25,893 m GFRP bars M19 and 596 m 
GFRP bars M25. The total deck computes 258 m3 of concrete Class IV, placed at a rate of 
30.6 m3/h through a 10 cm concrete pump, as shown in Figure 37b. Stay in-place deck 
forms were instead made of corrugated steel, specially fabricated to sustain heavy loads. 
The choice was made mostly for speed of operations, safety and ease of construction. 
Forms were fabricated from a local vendor, marked for placement, shipped and ready to be 
installed. Operations of screw fastening were quick and performed by a small crew. Stay 
in place were custom fabricated to HRB bridge specifications and adapted to girders built-
up (along with shear connectors), to provide a solid, sure-footed working platform. For 
screeding operations, in order to guarantee to RC-GFRP deck precision levelness, rigidity 
and optimal durability, a truss screed Allen Razorback SE12 was used, adopting the edge 
forms on the overhangs as railings (outside limits of deck). To retain a moisture evaporation 
rate less than 0.004 kg/m2/h, a pre-soaked burlap was applied to the concrete surface and 
was covered with a plastic sheet for seven days (at form removal) until 75% of the 28-days 
compressive strength was reached. The complete operation of slab deck forming, 
placement of GFRP rebar, and pouring of concrete was overall a quick, smooth and low-
cost procedure. 
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(a)                                                                (b)                             
 
Figure 37 – GFRP deck reinforcement (a), deck concrete placement through concrete 
pump (b) 
GFRP-RC Gravity Wall 
HRB also comprises a 19.5 m RC-GFRP gravity wall. The western half portion of the 
wall implements concrete with recycled concrete aggregates (RCA), while the remaining 
eastern half portion implements concrete with recycled asphalt pavement (RAP). The 
gravity wall was entirely reinforced with M10 GFRP bars (Figure 38a).  Figure 38b shows 
the GFRP-RC gravity wall upon completion. 
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(a)                                                                (b)                             
Figure 38 – M10 GFRP reinforcing bars embedded in gravity wall formwork (a), GFRP-
RC gravity wall (b) 
GFRP-RC Bulkhead Caps 
The variety of concrete mixes used in different elements of the structure, in 
combination with the innovative reinforcement solutions is set to determine case per case 
FRP durability. In fact, during construction of bulkhead cap, and gravity wall, the 
contractor cast several structural-independent test blocks to be regularly extracted and 
systematically tested by academic and FDOT researchers, to evaluate fundamental physio-
mechanical and durability properties of FRP rebars and concrete. The available test blocks 
include three types of reinforcement: GFRP, CFRP and Basalt FRP (BFRP). With regards 
to the test blocks encapsulated in the bulkhead cap section of the seawall, Figure 39 shows 
the cross-section view scheme (Figure 39a) of the rebars in place (Figure 39b).  
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(a)                                                                       (b)  
 
Figure 39 – Test blocks cross-section view scheme (a), as per construction (b) 
The test blocks were encapsulated in the lower in-water side portion of each bulkhead 
cap, where they remain constantly immersed in saltwater. Figure 40 shows the four sections 
of bulkhead cap after completion, respectively for each quadrant and in sequence of work. 
The Northwestern seawall of HRB (Figure 40a) is composed by three wall sections, wall 
1A (7.6 m long), 2A (6 m long), and 3A (10.7 m long), respectively. Wall 1B, 2B, 3B 
compose the Northeastern sea-wall portion (Figure 40b), while wall 4A, 5A, 6A, 4B, 5B, 
and 6B are part of the Southwestern (Figure 40c) and Southeastern (Figure 40d) seawall 
portions. On March 2019 all four sections of bulkhead caps were completed.  
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             (a)                                                          (b) 
   
                                                       (c)             (d) 
 
Figure 40 – Bridge Bulkhead caps in order of work: Northwestern (a), Northeastern (b),  
Southwestern (c), and Southeastern (d) seawall portions, encapsulating the test blocks.       
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Traffic Railing Anchors Verification 
During construction activities of the post-installed traffic railing on the North side of 
the bridge and upon completion of Phase III, an experimental campaign was conducted to 
determine the pull-out strength properties of the traffic railing GFRP reinforcing bars. The 
bond properties of FRP bars depends on the mechanical properties of the FRP bars 
themselves, the adhesive, and the concrete. The high strength and low modulus of elasticity 
as well as the differences in the properties of the fiber material and the matrix may lead to 
different bond characteristic from those of steel bars (Wang et al. 1999). For this reason, 
the FDOT requested specific testing to simulate the pullout strength of the epoxy embedded 
traffic barriers. To avoid delays on the critical path of the bridge construction schedule, the 
validation consisted of two testing portions. A first series of twelve (12) tests was 
conducted as mock-up specimens, representative of the in-situ conditions, which results 
were used to draw preliminary conclusions, useful for the second series of tests performed 
on the actual traffic railing bars. For the first series of tests, the M16 GFRP reinforcing 
anchors were installed in a flat PC element and tested under tension loading with the aim 
of a 60-TON hydraulic jack. The GFRP bars were embedded in concrete at different depth 
ranging from 114.3 mm to 190.5 mm, in order to relate the performance of the bars with 
respect to their embedment length (Table 19). The first series of tests were mechanical 
destructive tests to assess ultimate bond strength and failure modes. The second series of 
tests was conducted on the actual bars installed into the GFRP-RC deck (Table 20). The 
second series of tests was a mechanical nondestructive test, to verify and validate proof 
capacity of the GFRP bars bond strength. 
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Table 19 – Preliminary field test matrix 
Embedment length [mm] #5 GFRP bar length [mm] No. of repetitions Type of test 
114.3 991 3 Destructive 
139.7 991 3 Destructive 
165.1 1041 3 Destructive 
190.5 1041 3 Destructive 
 
Table 20 - Actual field test matrix 
Embedment length [mm] #5 GFRP bar length [mm] No. of repetitions Type of test 
165.1 1194 3 Nondestructive  
 
The 165.1 mm embedment length represents the actual embedment (per design) of 
the GFRP bars in the bridge deck. 
Design Bond Strength 
The design bond strength per FDOT, 2019 is given by: 
𝑁0 = 𝑇
′𝜋𝑑ℎ𝑒                   (1) 
Where: 𝑇′ is the nominal bond strength given by the adhesive product, and equal 
to 11.7 MPa, for the specific case; 𝑑 is the nominal diameter of M16 GFRP bars equal to 
15.9 mm; and ℎ𝑒 is the embedment depth.  
Thus, for the specific case where ℎ𝑒 is equal to 165.1 mm, the design bond strength 
is calculated 96.44 KN. In the other cases, where bars have an embedment equal to 114.3 
mm, 139.7 mm, and 190.5, the design bond strength is calculated 66.76 KN, 81.6 KN, and 
111.28 KN, respectively. 
Since Section 416 of (FDOT, 2019) requires proof loading in tension to 85% of the 
design bond strength for field test installed anchors, the proof load is calculated as: 
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𝑁𝑝𝑟𝑜𝑜𝑓 = 𝑁0 ∙ 0.85                      (2) 
This means that in order to have field acceptance of bars with an embedment 165.1 
mm, the proof load must exceed 81.97 KN. Similarly, bars with an embedment equal to 
114.3 mm, 139.7 mm, and 190.5 have a proof load of 56.75 KN, 69.36 KN, and 94.59 KN, 
respectively. 
Material Properties 
GFRP Reinforcing Bars and Adhesive Type 
The mechanical properties of the GFRP reinforcing bars are listed in Table 21.  
Table 21 – Properties of the helical-wrapped M16 GFRP bars used at HRB 
Property Value 
GFRP bar diameter (mm) 15.9 
Guaranteed tensile strength (Mpa) 743.9 
Tensile Modulus (MPa) 57,860 
Tensile Strain (%) 1.67 
Ultimate Tensile Load (KN) 190.8 
Guaranteed Ultimate Tensile Load (KN) 163.0 
 
The epoxy adhesive used for anchoring the bars into concrete was the injectable 
two-component Hilti HIT-RE 500 V3. The curing time to reach the maximum system 
performance was 8 days. The two components are kept separate by means of a dual-
cylinder foil pack attached to a manifold. During installation, the two components combine 
and react when dispensed through a static mixing nozzle attached to the manifold. The 
material specifications of fully cured Hilti HIT-RE 500 V3 are shown in Table 22. 
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Table 22 – Properties of the epoxy adhesive 
Property Value 
Bond Strength (MPa) 11.7 
Compressive Strength (Mpa) 82.7 
Compressive Modulus (MPa) 2,600 
Elongation at break (%) 1.1 
Heat Deflection Temperature (°C) 50 
 
Concrete 
As previously discussed, the HRB comprises 149 CFRP-Prestressed Concrete 
(PC)/GFRP-Reinforced Concrete (RC) sheet piles. During construction, the presence of a 
hard layer of limestone reduced the installation depth to approximately 4 m, and an 
alternative seawall design, which included tie-back anchors, was adopted. For this reason, 
all the sheet piles were cut to length. One of the remaining cut-offs was used for the purpose 
of the preliminary testing activities. The PC used had a compressive strength of 40 MPa. 
The geometry of the sheet pile cut-off used for the preliminary mock-up tests was: 4 m x 
0.76 m x 0.30 m. With regards to the validation of the actual traffic railing bars, the concrete 
used was the deck’s Class IV concrete, with compressive strength of 38 MPa.  
Installation process 
The contractor sent fifteen (12) samples randomly selected from the traffic railing 
bars LOT to the University of Miami (UM) Structural Material Laboratory (SML). At 
SML, a gripping pipe sleeve was installed on one end of each bar using expansive grout. 
Upon pipe sleeve installation, the 12 bars were then sent back to the jobsite, where 
contractor selected a cut off piece of PC sheet pile to be used as slab to accommodate the 
first series of mock-up specimens (Table 19). Locations of the holes were marked on the 
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concrete surface of the sheet pile cut-off. The holes spacing was 0.76 m, enough to allow 
each test to be independent from each other. In fact, with regards to minimum clearance 
requirements between the test supports of different anchors, ASTM E488-96 (1996) 
suggests a minimum clearance of 2 ∙ ℎ𝑒𝑓, being ℎ𝑒𝑓 the effective depth of embedment of 
an anchor. Afterwards, the holes were drilled with a secondary texturing core bit to 
accommodate the different embedment lengths. The 12 holes were then cleaned with air 
compressed and the two-component epoxy adhesive was injected into the holes. 
Consequently, the bars were inserted into the holes. After 8 days, when the epoxy obtained 
the maximum strength necessary for pullout testing, UM performed the testing and 
documentation of results. 
Mockup test set-up and results 
Figure 41 shows the set-up of the pullout test for the four embedment lengths. Each 
set of tests consisted of three repetitions. The load was transmitted through a 60-TON 
hydraulic jack that was transferring the load to the 50.8-mm diameter steel pipes at the bars 
ends through a series of steel plates. In between the top steel plates, a donut load cell with 
an inner diameter of 54.1 mm was placed, in order to record loading data. The donut load 
cell was specifically selected to have an inner diameter that was bigger than the diameter 
of the steel pipe, in order to have it go thru the steel pipes.  Additionally, a 30-cm diameter 
steel plate was rested directly on the concrete slab, in order to distribute the stresses evenly 
in the concrete and over a bigger area. In this way, the set-up could simulate precisely the 
actual loading of the anchors in the concrete, by testing the bond characteristics of the 
GFRP bars in the concrete substrate. Finally, a minimum clearance of 12.7 mm between 
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the top plate and the steel tubes was guaranteed, in order to evenly and safely engage the 
pressure of the hydraulic jack over the steel pipes. 
 
Figure 41 – Mockup test set-up (dimensions in mm) 
Figure 42 shows the preliminary steps undertaken before testing. Figure 42a shows 
the set of bars installed. Figure 42b shows a detail of the cured epoxy after 8 days. In order 
to have the bottom plate placed, two lateral cuts were needed on the edges of the cured 
epoxy, as shown in Figure 42c.  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (b) (c) 
Figure 42 – Bars installation (a), epoxy cured (b), and cuts on cured epoxy (c) 
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Finally, Figure 43a shows the complete set-up of one specimen, and Figure 43b 
shows a detail of the steel pipe connection. Particular attention was required in order to 
have the surface of the pipe end perfectly flat, so that the top steel plate would distribute 
evenly the stresses over the steel pipes. 
   
                                (a)                                            (b) 
Figure 43 – Vertical test set-up (a), steel pipe connection (b) 
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 The test results of the mockup specimens are shown in Table 23. Results 
show the observed value of peak load and failure mode. 
Table 23 – Mock-up test results 
 GFRP M16 – 114.3 mm embedment 
Specimen ID Peak Load [KN] Failure Mode 
BT_114.3_1 103.91 slippage 
BT_114.3_2 118.05 slippage 
BT_114.3_3 74.29 slippage 
Average 98.75 
Sn-1 22.33 
CV (%) 22.62 
GFRP M16– 139.7 mm embedment 
BT_139.7_1 95.59 slippage 
BT_139.7_2 109.65 slippage 
BT_139.7_3 100.77 slippage 
Average 102.00 
Sn-1 7.11 
CV (%) 6.97 
GFRP M16 – 165.1 mm embedment 
BT_165.1_1 187.24 bar (ultimate strength) 
BT_165.1_2 128.21 slippage 
BT_165.1_3 115.68 slippage 
Average 143.71 
Sn-1 38.22 
CV (%) 26.59 
GFRP M16 – 190.5 mm embedment 
BT_190.5_1 182.83 slippage 
BT_190.5_2 161.02 slippage 
BT_190.5_3 188.41 slippage 
Average 177.42 
Sn-1 14.47 
CV (%) 8.16 
 
Figure 44 shows the typical mode of failure of all mock-up specimens. The GFRP 
adhesive anchors displayed brittle failure by bar pullout. No concrete failure was observed 
in any of the specimen. In fact, the concrete failure was prevented in the test set-up by 
placing a 25.4 mm thick steel plate, to spread the stresses in the surrounding concrete, over 
an area that was bigger than the concrete cone split area.  
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Figure 44 - Typical pull-out failure 
One different mode of failure was observed in one GFRP bar with 165.1 mm 
embedment. The specimen failed by reaching the ultimate tensile strength of the GFRP 
bar, displaying brittle failure (Figure 45). 
 
Figure 45 - Bar failure 
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Verification testing and results 
The verification of the actual traffic railing bars comprised three pullout tests on 
GFRP M16 inclined bars. Adopting the same preparation and installation procedures as per 
the previous mock-up tests, three M16 GFRP bars with a pre-installed pipe sleeve at one 
end were installed in the bridge deck, at an angle of 62° from the horizontal plane. The 
three bars were selected as representative traffic railing bars 5D, being the most highly 
tension-stressed sloping traffic railing bars (Figure 46).  
 
Figure 46 – Northern GFRP-RC traffic railing cross-section (Rocchetti, 2017) 
Bars 5D have an effective embedment of 186.9 mm. With such an inclination, the 
bars needed to be tested with an ad-hoc system (Figure 47) that supported the hydraulic 
jack.  
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Figure 47 – Ad-hoc system: supporting wedge inclined at 28° from the horizontal plane 
For a better sample distribution, each bar was installed approximately in the middle 
of each of three bridge spans (Eastern, Western, and Central). Additionally, for ease of 
operations, each test was performed before the actual traffic railing cages were installed.  
For field acceptance, a minimum load of 92.80 KN (for 186.9 mm of embedment) 
needed to be reached. As shown in Table 24, all tested bars achieved the minimum required 
proof load for acceptance. The test was stopped when the target load was reached. Once 
the tests were completed, the three tested bars were cut at pipe sleeve elevation and left in 
place to be used as actual reinforcing 5D bars.  
Table 24 – 5D bars test results 
 GFRP M16 – 186.9 mm embedment 
Specimen ID Peak Load [KN] Failure Mode 
BT_186.9_1 92.91 No failure 
BT_186.9_2 93.88 No failure 
BT_186.9_3 93.05 No failure 
Average 93.28 
Sn-1 0.52 
CV (%) 0.56 
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Figure 48a shows one of the three installed 5D bars while curing in the GFRP-RC 
deck, prior to testing. Figure 48b shows the test set-up, prior to loading. The test-set up was 
similar to the previous vertical set-up (for the preliminary mock-up specimens), with the 
only difference given by the presence of a supporting wedge used to align the testing frame 
to the inclination of the 5D bars (at an angle of 62). 
 
  
(a)                                            (b) 
Figure 48 – Traffic railing 5D bar with pre-installed pipe sleeve (a), and test set-up (b) 
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Traffic Railing Deck Repairs 
During curing of the dowel holes for the post-installed traffic railing on the North 
side of the bridge, thirteen bars were unintentionally cut. The design team and the 
contractor, in order to restore the fully moment capacity of the transverse top reinforcing 
bar in the deck, adopted a Near-Surface Mounting (NSM) repair procedure using 
supplemental GFRP rebar and high strength mortar. Figure 49 shows an example of 
transverse bars cut by coring operations for the vertical 5P bars installation. 
  
Figure 49 - Example of transverse bars inadvertently partially cut 
Upon identification of damaged bar locations, contractor established the depth of 
intervention by adding to the depth of each damaged bar approximately 6.5 mm (to account 
for any variability in clear cover). Two saw cut lines were created to the required 
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intervention depth (Figure 50), approximately 19 mm to either side of the marked line for 
each supplemental bar, and the concrete in between was then removed. The surface was 
mechanically abraded to achieve a surface profile equal to the concrete surface profile as 
per ICRI Guideline 310.2 (2013).  
    
(a)                                                                     (b) 
Figure 50 – Plan and side view of cut grooves with M19 GFRP supplemental NSM bars 
After the profiled area was clean and made free of loose or deteriorated concrete 
and dust, the repair area was soaked with potable water, in order to achieve a saturated-
surface dry condition and primed with a scrub coat of Versaspeed LS 100 Rapid Hardening 
Horizontal Repair Mortar. Before the Versaspeed LS 100 scrub dried out, the supplemental 
bars were pressed in a supplemental 6.5 mm bed of Versaspeed LS 100 and remainder of 
the repair area was filled (Figure 51 and Figure 52).  
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Figure 51 – Installation of Versaspreed LS 100 repair mortar 
 
Figure 52 – Completion of Versaspreed LS 100 repair mortar application 
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Finally, the repair area cured in accordance with manufacturer recommendations 
(Figure 53a), and the bridge deck was later planed and grooved (Figure 53b). 
The proposed repairs fully restored the structural function and serviceability of the 
bridge deck in the final as-built conditions.  
  
          (a)                                                                     (b) 
Figure 53 - Curing of Versaspeed LS 100 repair mortar for NSM repair (a), and final 
condition of cured NSM repair, ready for traffic railing casting (b). 
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Osprey Nest 
 
Figure 54 – Winning photo of ENR’s 2017 year in construction photo contest. Photo 
submitted to ENR by the author of this dissertation on July 2017. 
On Monday morning, March 27th 2017, during regular equipment maintenance and 
inspection activities to the 888 Manitowoc crawler crane located on the West approach of 
the Halls River Bridge, contractor’ crews discovered an active osprey nest with eggs, at the 
tip of the crane boom. Ospreys, also called fish eagles or sea hawks, are diurnal, fish-eating 
birds, known to readily nest on artificial structures such as utility poles, boats as well as 
treetops. Since ospreys are protected bird species under the Endangered Species Act or 
state regulations, the construction company immediately ceased all construction activities 
related to such crane and notified FDOT about the issue. Some of the main ongoing critical 
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activities such as driving piles in bent 2, construct CFRP sheet piles wall, form, reinforce 
and pour intermediate bent no. 3 have been on hold for 3 weeks. Ceasing the listed critical 
activities as a result of this environmental unforeseen event had a direct impact on costs 
and project schedule. During the 3 weeks of shutdown, while the bird nested on the tip of 
the crane, the contractor hired Aerial Drone Services to investigate and document what was 
happening on the tip of the crane. Figure 54 illustrates the bird nest captured by the aerial 
drone. The photo shown in Figure 54 has been awarded later on as best picture for the 2017 
year in construction by the ENR magazine. 
Once the situation had been clearly pictured, FDOT gave official go-ahead for the 
relocation process: Florida Fish and Wildlife Conservation Commission (FWC) issued a 
permit to allow the relocation of the nest in a point that needed to be in the immediate 
vicinity of the current location. The construction team promptly asked for the permission 
of installing a pole in an area of another adjacent construction jobsite (Margarita Grill 
Restaurant), approximately 100 m away from the 888 Manitowoc crawler crane, where the 
bird was nesting (see Figure 55). 
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Figure 55 –Jobsite aerial view 
Pole Design 
There are two main types of nesting platforms for different site conditions: the 
single-poled structure and the quadropod structure. While the first one is designed for use 
on land, the quadropod is designed to be placed directly in the water. While designing a 
pole hosting an osprey, an important factor to take into consideration is the predation effect. 
Platforms should be erected in open areas, giving the osprey room to build a nest as well 
as to protect it from predators, such as raccoons (a raccoon has been seen climbing into a 
10 m high nest) and owls. For this reason, an osprey pole should be outfitted with a predator 
guard, such as a sleeve of aluminum flashing, that keeps predators away. Also, the selected 
site should be sheltered from prevailing winds.  
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An attractive nest, to an osprey, includes a nearby perch. The male prefers to perch 
either on the nest or within 15 m. A 5 x 10 cm. perch that rises about a meter higher on at 
least one side of the nest platform is ideal. Figure 56 is a sketch of the bird pole designed 
for the osprey relocation in the Halls River Bridge project. 
 
Figure 56 –Osprey pole design 
Installation on Site 
Around 100 m distant from the osprey nest on the 888-crawler crane, a 0.25 m 
circular hole was pre-drilled in the ground for a length of 3 m. The superstructure (platform) 
and the perch were assembled on site and bolted to the pole. After that, the pole was driven 
into the ground for 3 meters using a mobile crane. Figure 57 shows the installation process. 
126 
 
 
 
 
(a)                                                                (b)                                      
Figure 57 –Osprey pole installation activities: osprey platform with perch (a), pole 
driving activities (b) 
Relocation 
Early Monday April 17th, a team of biologists, FDOT officials and the contractor 
successfully relocated the nest from the crane on the west bank of the bridge-replacement 
project. The team reached the top of the crane with a 37 m extendible telescopic boom lift, 
removed the nest and re-placed it on the tip of the 20 m electrical pole, with the help of 
another mobile crane (see Figure 58, showing the procedures).  
The 40 minutes long operation required the maximum attention from everyone, in 
particular from the biologist’s team, that surprisingly discovered three eggs in the bird nest. 
During the relocation activities, the biologists kept the nest intact. Once the bird nest was 
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set up on the new pole, it took several minutes for the mother osprey to move into her new 
“home”. 
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(a)                                                              (b) 
 
(c)                                                               (d)      
   
                                   (e)                                                                (f)  
 
Figure 58 – Sequence of osprey nest relocation: removal of the osprey bird on the top of 
the crane (a); operators handing bird nest and eggs container (b); eggs in the nest (c); 
osprey nest transportation (d); mobile crane lifting the operators to the pole (e); osprey 
mother moved successfully in the new nest (f). 
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